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Abstract

Galactic bars play in an important role in the evolution of disk galaxies. Bars

also act as a tracer for dynamically cool, ‘mature’ disk galaxies. Therefore, the

observational study of bars, especially at higher redshifts, provides an invaluable

insight into how the disk galaxy population has evolved as the Universe has aged.

In this thesis, I present research that explores the redshift evolution of the

bar fraction since z = 1, and the first look at the fraction of disk galaxies hosting

bars out to z = 2. My research combines optical and infrared observations, taken

by the Advanced Camera for Surveys and Wide Field Camera 3 instruments on

board the Hubble Space Telescope, with visual morphological classifications made

by citizen scientists as part of the Galaxy Zoo project.

After a careful analysis of the visual morphologies provided and the possible

effects of a range of potential observational biases, I measure the redshift evolution

of the bar fraction in the COSMOS field. For a volume limited sample (0.4 ≤
z ≤ 1.0; log(M?/M�) ≥ 10) of 2,380 disk galaxies, of which 317 are barred

(fbar ∼ 13%), I find that the bar fraction has increased from 11 ± 2% at z = 1,

to 22± 5% at z = 0.4. Furthermore, when splitting this sample into three stellar

mass bins, I find that, whilst an increasing bar fraction with decreasing redshift

is observed for all stellar masses, it is the most massive disk galaxies that drive

the evolution observed.

Building on this work, I present the first observations of the bar fractions be-

yond z = 1. Using visual morphological classifications from Galaxy Zoo: CAN-

DELS, a sample of 876 disk galaxies, with 123 being barred disks (fbar ∼ 14%) are

identified across the redshift range 0.5 ≤ z ≤ 2.0. Selecting a sub-sample within

the same region of the evolving galaxy luminosity function (brighter than L∗), we

find that the bar fraction across the redshift range 0.5 ≤ z ≤ 2 (fbar = 10.7+6.3
−3.5%

after correcting for incompleteness) does not significantly evolve.

I present a recipe that describes how to explore the effects observational biases

xvi



have on visual morphological classifications, before working through this recipe in

detail in order to debias the galaxies in the Galaxy Zoo: Hubble catalogue. Of the

46,703 galaxies found within the redshift range 0.3 ≤ z ≤ 1.0, 24% (15,855) can

be debiased, with a further 33% (15,338) having lower and upper limits placed

on their original pfeatures vote-fractions. I use the newly debiased classifications

to re-explore the redshift evolving bar fraction, finding that the trend is greater

within these galaxies, increasing from fbar = 4± 1% at z = 1, to fbar = 24± 2%

at z = 0.3.

In my exploration of barred disk galaxies in the COSMOS field, up to z = 1, I

identified a sample of 98 quiescent disk galaxies whose bar fraction is considerably

higher (fbar ∼ 45 ± 5%) than the overall disk sample. To investigate this obser-

vation further, I explore the evolving demographics of the red sequence since

z = 1. Using rest-frame colours from the UltraVISTA catalogue (McCracken

et al., 2012), I find that, when using debiased pfeatures classifications, the fraction

of all disk galaxies that are part of the red sequence decreases from 26 ± 2% at

z = 1, to 11 ± 2% at z ∼ 0. Additionally, I also find that the fraction of all

barred disk galaxies that are part of the red sequence increases from 0% at z = 1,

to 22 ± 4% at z ∼ 0. I conclude that these results show a maturing disk galaxy

population as the universe ages.
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Chapter 1

Introduction

The disk galaxy population accounts for roughly 70% of all massive galaxies

observed in our local Universe (de Vaucouleurs et al., 1991; Nair & Abraham,

2010). Beyond our local universe, this population remains prominent at least to

a redshift of z = 1 (Scarlata et al., 2006), with evidence of massive disk galaxies

observed at even earlier times (e.g. Wisnioski et al. 2015). Understanding how

the population of disk galaxies has evolved over time will not only give an insight

into how a large fraction of galaxies have evolved over their lifetimes, but it will

also provide a better understanding of how our own Milky Way, a barred disk

galaxy, has evolved during its lifetime.

This research will also provide a greater understanding of galaxy evolution as

a whole. The current paradigm for galaxy formation and evolution is the ‘bottom-

up’ hierarchical model within an expanding cold dark matter universe, whereby

galaxies tend to form through several mergers over their lifetimes. Even with

this theory of a merger-driven evolution, many, if not all galaxies have a phase

in their lifetime where they are disk-like in morphology, with many remaining

disk-like to the present day. An important diagnostic of dynamical state for

disk galaxies to z = 2 is the fraction containing galactic bars, where a bar is a

galactic substructure of stars, gas, and dust whose orbits have been perturbed

and elongated into a rectangular, or ‘bar-like shape’. Galactic bars are kiloparsec

sized structures that are observed in many, but not all disk galaxies, thus the

bar fraction can be used as a tracer for how the population of disk galaxies is

becoming dynamically cool and mature over this time. This information can be

used to provide constraints on the merger histories of disk galaxies within ΛCDM

cosmological models, such as when massive disk galaxies can undergo their last

1
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major merger, and when internal processes (such as the bar) become the driver

of disk galaxy evolution.

Additionally, whether or not a settled disk galaxy hosts a galactic bar may

be due to the shape of the dark matter halo it is found within. Typically, bars

form naturally within razor thin disk galaxies, as these galaxies quickly become

unstable (Hockney & Hohl, 1969; Ostriker & Peebles, 1973; Combes & Sanders,

1981). However, barless disk galaxies are more difficult to simulate. One way in

which to form a barless disk in a simulation is to place the disk galaxy in a dark

matter halo that has a peak in dark matter density at its centre (Athanassoula,

2003). This peak in dark matter density acts to stabilise the disk, removing the

need for a bar to form. Therefore, the presence, or lack of a galactic bar in a disk

might provide information regarding the shape of the dark matter halo it resides

in.

In Section 1.1, I begin with a brief introduction into the theory of galaxy for-

mation and evolution, before describing the theory of bar formation and evolution

in greater detail. In Section 1.2 I review galaxy morphologies in general, describ-

ing current techniques used to morphologically classify galaxies in Section 1.3.

I then describe the Galaxy Zoo citizen science project in Section 1.4, as this is

the method of visual morphological classification used throughout this thesis. In

Section 1.5 I describe what is known about galactic bars in the local universe,

with Section 1.6 exploring what is known beyond our local universe. Section 1.7

will return to the theory of bars, specifically exploring what implications they

have with regards to disk galaxy evolution. Finally, I present the plan for my

thesis in Section 1.8.

1.1 The theory of bar formation and evolution

1.1.1 An overview of galaxy formation and evolution

Galaxies are composed of several components, with the most prevalent being

dark matter, with gas, dust, and stars being the other main constituents. Each

of these play their own role in how the galaxy evolves, with the stellar components

highlighting the overall morphology of the galaxy.

The first proposed model of galaxy formation was monolithic collapse, which



CHAPTER 1. INTRODUCTION 3

was put forward by Eggen et al. (1962). This theory suggested that the gravi-

tational collapse of a primordial cloud of gas would form a galaxy, and all of its

features and substructures at the same time. This ‘top-down’ model of galaxy

formation has since become less favorable as the observed components of galaxies

vary in age.

The current theory of galaxy formation is the ‘bottom-up’, hierarchical model,

whereby galaxies and galaxy clusters observed today were formed by the merging

of smaller structures in the past. There is strong observational evidence from

WMAP, amongst other experiments, that we live in a universe consisting of cold

dark matter (CDM), which is expanding due to a mysterious dark energy, rep-

resented by Λ (e.g. Bennett et al. 2013). This standard, ΛCDM model predicts

hierarchical structure formation, supporting the ‘bottom-up’ model of galaxy for-

mation.

The theory of galaxy formation begins with primordial density fluctuations

forming during the inflationary period, shortly after the Big Bang. These fluc-

tuations grow, until they reach a critical point and collapse to form small dark

matter halos, with the collapsed halo pulling in gas through its gravitational pull.

In the model of ‘bottom-up’, hierarchical structure and galaxy formation, these

small dark matter halos merge with other halos to form larger halos, which have

more gas and begin to form stars. These star-forming halos, or protogalaxies,

then continue to merge, forming dark matter halos that host galaxies. This pro-

cess of merging continues, with dark matter halos continuing to grow through the

merger process, with the result being a range of dark matter halo sizes, which can

be large enough to account for the galaxies, galaxy groups, and galaxy clusters

we observe today (i.e. Springel et al. 2005; Guo et al. 2010; Vogelsberger et al.

2014).

Once a galaxy has formed, there are several evolutionary processes that can

play an important part in its lifetime. Here, I discuss the more common processes

that can affect the evolution of a galaxy.

Merging: This is an important part of galaxy evolution, with the hierarchical

model of galaxy formation being built on the theory of smaller galaxies merging

together to form larger ones. For a merger event where both galaxies have similar

masses (i.e. a one-to-one merger event, or major merger), the resultant galaxy

bears little morphological resemblance to its progenitor galaxies, becoming an
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elliptical galaxy in the process. This violent method of galaxy evolution would

have been more prevalent when the Universe was younger, and more dense, as

the merger rate of galaxies was greater then than it is today in our local Universe

(Conselice et al., 2003; Ryan et al., 2008; Lotz et al., 2011).

Galaxy cannibalism: The same process as a major merger, except one galaxy is

much more massive than the other (e.g. a mass ratio of ten-to-one) (see Ostriker

& Tremaine 1975 and White 1976 for first discussions of galaxy cannibalism).

Tidal stripping: This occurs when two galaxies are passing by each other.

Typically, the more massive galaxy of the two strips the outer gas of the less

massive galaxy, destroying any present spiral arms in the process (e.g. Spitzer &

Baade 1951).

Galaxy harassment: A combination of the two previous processes, whereby a

small, fast moving elliptical galaxy passes through a much more massive spiral

galaxy, tidally stripping it of its gas, and disturbing its morphology (Moore et al.,

1996).

Ram pressure stripping: As a galaxy passes through the intra-cluster medium,

the pressure exerted upon it is able to strip away its gas, and also any spiral arm

structure if it was present (e.g. Gunn & Gott 1972). The extent of this process

is dependent on both the density of the intra-cluster medium and the velocity at

which the satellite galaxy is traveling.

Strangulation: As a galaxy enters a galaxy cluster environment for the first

time, the gravitational potential of the cluster creates tidal effects that enables

the gas of the galaxy to escape into the intra-cluster medium (e.g. Larson et al.

1980).

Secular evolution: This is a slower evolutionary process, which is governed by a

galaxy’s internal properties, or long term interactions with its local environment

(i.e. cold gas accretion). It is only disk galaxies that undergo this type of evolu-

tion, with galactic bars, spiral arms, and pseudo-bulges, amongst others, believed

to be slowly driving the evolution of their host disk galaxies (see Kormendy &

Kennicutt 2004 for a detailed description).
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The first six processes I describe are violent evolutionary processes, with the

expected effects that each may have on bar formation or destruction not being

fully understood. Possible effects on bar formation and destruction can be pre-

dicted by exploring how each process affects a disk galaxy. For example, the

processes of tidal stripping, ram pressure stripping and strangulation remove a

galaxy’s gas reservoir. As bars are more likely to form in gas-poor disk galaxies

(Athanassoula et al., 2013), it can be predicted that the long term effects of these

processes would give an increase in bar formation, as long as the galaxy retains

a disk-like morphology.

For galaxy merging, galaxy cannibalism, and galaxy harassment, where there

is direct interactions between two galaxies, the result can be both bar formation

and destruction (e.g. Gerin et al. 1990; Sellwood & Moore 1999). This is discussed

further in Section 1.1.4.

The final process I describe, secular evolution, is a less violent, slower process

of galaxy evolution, with this process only occurring in disk galaxies. Through

observations of the stars in many disk galaxies, we know that disk galaxies consist

of several observable component parts. These components include thin and thick

stellar disks, spiral arms, galactic bars, nuclear bars, and bulges, with Figure 1.1.1

showing a schematic view of a disk galaxy, in this case the barred disk galaxy

NGC13001. The number of components a disk galaxy can have varies, with some

exhibiting several of these, whilst others have little to no substructure, which

would look smooth when observed by eye.

This thesis focuses on one of these substructures, the galactic bar, and how

its formation and presence can affect the evolution of its host disk galaxy through

secular processes. Typically the presence of a bar signifies that a disk galaxy is

dynamically cool (i.e. the coherent radial velocities of the stars are much greater

than their velocity dispersions), and that its evolution is being driven slowly by

its internal properties through secular evolution (Kormendy & Kennicutt, 2004).

Whilst this is the general view of galactic bars in disk galaxies, it is also

predicted that internal properties and external environments can affect whether

a disk forms a bar or not. Here, I discuss the theory of bar formation and evolution

in disk galaxies.

1Image from http://.hubblesite.org
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1.1.2 The formation of galactic bars

Before the earliest simulations of disk galaxies and their dynamics, Toomre (1964)

predicted that a thin disk of stars with a surface density Σ (kg m−2) would be

unstable if the following inequality was satisfied

Q =
σRκ

3.36GΣ
< 1, (1.1)

where σR is the radial velocity dispersion (m s−1), κ is the epicyclic frequency

(km s−1 kpc−1), and Q is the ‘Toomre Q’ parameter.

From the earliest simulations of disk galaxies, the mathematical predictions

made by Toomre were proven, with the disk of stars becoming unstable, forming

a galactic bar to address this instability (Hockney & Hohl, 1969; Ostriker &

Peebles, 1973; Combes & Sanders, 1981).

The formation of bars via a disk instability, as seen in these early N−body

simulations, still remains the most probable, and frequent scenario as to how

galactic bars form in real disk galaxies. For this formation method, a rotationally

supported stellar disk galaxy becomes globally unstable. There are two main

theories as to why a disk galaxy becomes unstable; i) a standing wave perturbs

the orbits of stars, ii) faster rotation velocities of stars nearer a galaxy’s centre

compared to those further out could cause passing interactions between these

stars with differing rotation velocities (Lynden-Bell, 1979).

In both cases, this instability destabilises the stellar orbits, elongating them

from their original circular orbit (although their orbits were never strictly circu-

lar, as the orbits of stars in disks tend to follow a non-closing rosette pattern;

e.g. Sellwood 2013). The elongating orbits of some stars begins to disrupt the

orbits of more stars, again elongating their orbits in turn in a process called ‘orbit

trapping’. This process continues like a domino effect, until a significant number

of stars have had their orbits disrupted to an elongated, sometimes almost rect-

angular orbit, which is observed morphologically as a stellar bar. The naturally

forming galactic bar produced in an N−body simulation of a thin disk of 20,000

stars is shown in Figure 1.2 (taken from Figure 3 of Sellwood 1981), with this

figure representative of what is observed in all N−body simulations of thin disks

containing only stars.

The orbits of stars within the barred region can be broadly split into two

classes (Contopoulos & Grosbol, 1989; Binney & Tremaine, 2008; Sellwood, 2014).



CHAPTER 1. INTRODUCTION 8

Figure 1.2: An example of an N−body simulation of a thin disk of stars, rep-
resented by 20,000 particles in this case, showing how a galactic bar naturally
forms over time. This snapshot is taken from Figure 3 of Sellwood (1981).
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Figure 1.3: Schematic of the stable orbits stars have within a galactic bar struc-
ture. Shown are the elongated orbits that run parallel to the bar (‘x1’ orbits);
Orbits that run perpendicular to the bar (‘x2’ orbits); and resonant orbits that
produce the boxy shapes observed for bars (dashed lines). This illustration is
Figure 11 in Sellwood (2014).
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The first are the elongated orbits, also known as ‘x1’ orbits, whereby the stars’

orbits run parallel along the bar. As Figure 1.3 shows, the ‘x1’ orbits have a

range of lengths and widths, which produce the overall barred shape we observe.

The second orbit types, or ‘x2’ orbits, are shorter, circular orbits that run per-

pendicular to the bar. These orbits are typically found towards the centre of the

bar, as Figure 1.3 shows. A third possible orbit that stars follow in the bar area

are resonant orbits, shown as dashed lines in Figure 1.3. Stars following these

orbits are responsible for the boxy bar morphology that often observed.

The orbits shown in Figure 1.3 represent the only stable orbits stars have

in the barred region (Contopoulos & Grosbol, 1989; Binney & Tremaine, 2008;

Sellwood, 2014), but this only gives a two dimensional view. As well as orbiting

along the plane, the orbits also oscillate in the z-axis, rising above and below the

plane. The oscillation of these orbits produce the thickness of the bar, which is

observed when a barred disk galaxy is viewed edge-on.

The transformed orbits of the stars also trap any gas within the region, causing

its orbit to become elongated. Whilst the stars are collisionless, the gas is not.

The periodic orbits of the gas are all similar, but nested orbits within the barred

structure intersect with each other, causing the gas to collide and shock. With

this, the gas loses energy and angular momentum, and then falls towards the

inner disk region (Matsuda & Nelson, 1977; Athanassoula, 1992; Wada & Habe,

1992, 1995; Sakamoto et al., 1999). The lost angular momentum of the gas is

transferred to the outer disk by the stars, keeping the disk stable.

The extent at which the angular momentum and energy is transferred out-

wards is not fully known. In simulations where there is an extended disk, the

energy and angular momentum extracted from the inner disk regions by the bar

can be easily carried away by a spiral wave (Sellwood & Sparke, 1988; Masset &

Tagger, 1997; Fuchs et al., 2005). Whether the spiral arms are formed because

of the bar (as Masset & Tagger and Fuchs et al. suggest) or not, the presence

of spiral arms are typically associated with bar growth due to their ability to

transfer angular momentum outwards.

1.1.3 The growth and buckling of galactic bars

The robustness of bars in disk galaxies has been actively debated, with one argu-

ment suggesting that bars form, buckle, and then reform one or more times (e.g.
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Figure 1.4: N−body simulation of a thin disk of stars, represented by over one
million particles, showing how a galactic bar forms, strengthens, and subsequently
buckles to form a ‘peanut-shaped’ bulge. This snapshot, which is Figure 1 in
Athanassoula (2005), shows time increasing from left to right, and from top to
bottom. The first and fourth rows show the disk galaxy viewed face-on, the second
and fifth side-on, and the third and sixth end-on. The time elapsed is shown in
the top right panel of each face-on view of the galaxy. These go chronologically
from left to right and top to bottom as follows; t = 0 in the top left panel, through
to t = 160, 300, 400, 600, and finally t = 800 in the bottom right panel.
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Bournaud & Combes 2002; Combes 2008b). However, it is generally more ac-

cepted that bars are long lived structures (e.g. Sellwood & Sparke 1988; Athanas-

soula et al. 2013). Sellwood (2014) provides the most succinct argument of this

reasoning, stating that such a large instability, which changes the distribution

of both the mass and angular momentum within the galaxy, would drive gas to

the centre of the disk galaxy, growing the central bulge, and thus stabilising the

galaxy and preventing any future disk instabilities to occur.

The theory of bar formation described is cyclical in nature, and therefore a

self-sustaining process. Stars will continue to have their orbits elongated, gas

will continue to fall towards the inner disk region (until it is depleted), and the

angular momentum and energy lost will be transferred outwards by the stars.

This ongoing process causes bars to grow (if the assumption that bars are long

lived structures is true) over time in both length and thickness, although Erwin

& Debattista (2013) suggest not all bars thicken.

It is the second form of growth, the thickening of the bar, which typically

causes a bar to buckle. Initially, with 2D simulations of disk galaxies, the bar

formation was thought to be the end point of the simulation (e.g. Sparke &

Sellwood 1987). However, 3D simulations show that the orbits of the stars are

eccentric, moving up and down through the plane (Sellwood & Wilkinson, 1993).

With such eccentric orbits, the bar buckles outside the plane of the disk galaxy,

causing the bar to become ‘peanut-shaped’ when the disk galaxy is viewed edge-

on, or an ‘X-shape’ when viewed along the bar (Combes et al., 1990; Pfenniger

& Friedli, 1991; O’Neill & Dubinski, 2003; Martinez-Valpuesta et al., 2006). An

example N−body simulation of a thin disk of over one million particles is shown

in Figure 1.4, which is Figure 1 in Athanassoula (2005), illustrates how the bar

first forms (t = 300; top right panel), then strengthens, before finally buckling to

form the ‘peanut-shaped’ bulge (t = 800) described.

The buckling of a bar into a peanut shape does not entirely destroy the bar

in many simulations (Raha et al., 1991; Martinez-Valpuesta & Shlosman, 2004;

Athanassoula, 2005; Debattista et al., 2004, 2006; DeBuhr et al., 2012), with this

true of the illustrated N−body simulation shown in Figure 1.4. Instead, in these

cases, the bar becomes weaker, and more centrally concentrated. Whilst this

could be observed as a bulge, rather than a barred structure, there is evidence

from simulations of buckling bars that a bar could survive beyond the newly
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formed central concentrated area (Athanassoula, 2005; DeBuhr et al., 2012; Er-

win & Debattista, 2013), with near-infrared (NIR) observations of disk galaxies

supporting this idea (Lütticke et al., 2000; Gadotti et al., 2007). However, con-

trary to this, other simulations find that the bar does dissolve entirely (Bournaud

et al., 2005; Combes, 2008b), forming the central concentration of mass (the

bulge), which becomes dynamically hot in the process, with the orbits of stars

becoming highly randomised.

1.1.4 Predictions of bar formation and evolution from the-

ory and simulations

Research exploring the theory behind disk instabilities and the life of bars is

extensive (e.g. Hockney & Hohl 1969; Combes & Sanders 1981; Sellwood &

Sparke 1988; Combes et al. 1990; Athanassoula 2012; Athanassoula et al. 2013).

Whilst there are areas that still require improvement, the simulations and theories

to date produce barred disk galaxies that have comparable properties to those we

observe. As there is generally a good agreement between simulated and observed

properties of disks and bars, disk simulations can be used to better understand

the co-evolution of disks and their bars for processes that are difficult to observe.

I will discuss a selection of these processes below.

The role of the dark matter halo in bar formation and growth

The early simulations previously mentioned simulated a rotationally supported

razor thin disk in a static halo potential to explore disk instability (Hockney

& Hohl, 1969; Ostriker & Peebles, 1973; Combes & Sanders, 1981). Since this

research, many works have begun to explore the impact of the dark matter halos

of galaxies, with some focusing on how a dark matter halo shape can affect disk

instability and bar formation.

There are two main types of dark matter halo that have been considered. The

first of these is the Navarro-Frenk-White (NFW) profile (Navarro et al., 1996),

where the density of dark matter peaks at the halos centre, and then decreases

gradually as the distance from the centre of the halo increases. When simulated,

disk galaxies that exhibit this central spike in dark matter density do not become

unstable, and therefore do not form a barred structure (Athanassoula, 2012).

This is thought to be one way in which disk galaxies remain unbarred.
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The second dark matter halo shape is one that is more evenly distributed

throughout the whole dark matter halo, sometimes having a core at its centre. It

is simulated disk galaxies, formed within this shaped dark matter that become

unstable and form bars (Athanassoula, 2012). Athanassoula conclude that the

size of the core within the dark matter halo is the property that can play the

biggest role in determining how quickly a bar forms, and how strong it becomes.

Bars formation and growth in ‘hot’ disk galaxies

One property that can affect the formation of galactic bars are the initial orbits

of the stars before the disk becomes unstable. Typically for the method of bar

formation described above, the disk is assumed to be dynamically cool (i.e. the

rotational velocities of the stars are much greater than their dispersion velocities),

and so the bar forms and becomes longer and stronger as time passes (Sellwood

& Sparke, 1988; Athanassoula et al., 2013). However, if the disk galaxy is ‘hot’

(i.e. the velocity dispersions of the stars are still large), Athanassoula (2012)

finds that bars take longer to form (∼ 5 Gyr, compared to ∼ 0.5 Gyr for cool

disk), thus their growth time is stunted, and so hotter disks are more likely to

host weaker bars than cooler disks.

The suppression of bar formation and growth in hotter disks is due to the

material being unable to absorb and emit angular momentum. Athanassoula

(2012) finds that the strength of the bar is directly proportional to the fraction

of the total angular momentum absorbed and redistributed by the disk galaxy’s

material (i.e., the bar will be stronger if the disk galaxy’s material is able to

absorb and redistribute more angular momentum).

Bar formation and destruction due to galaxy-galaxy interactions

Many simulations that look at disk instabilities consider only solitary disk galax-

ies. For disk galaxies that are in denser environments, such as those found at

higher redshifts or in galaxy group environments, there is an increased likelihood

that they will be involved in an interaction with another galaxy. Such an inter-

action can either induce the formation of a bar (Gerin et al., 1990; Salo, 1991;

Miwa & Noguchi, 1998; Berentzen et al., 2003; Lang et al., 2014; Luna-Sánchez

et al., 2014), or destroy an already formed bar (Sellwood & Moore, 1999; Solway

et al., 2012). Furthermore, the disk galaxy in which the bar is induced does not

necessarily have to be susceptible to a bar instability; i.e. bars can be formed in
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Figure 1.5: Schematic view of how gas can affect bar formation and evolution in
disk galaxies. Top row shows how a bar forms later in a gas rich disk, and has
a shorter, stubbier bar compared to the one formed in the gas poor disk galaxy
(bottom row). This image is taken from Cheung et al. (2013), and edited.

disk galaxies that can be dynamically hot, and/or have a high gas fraction (Gerin

et al., 1990; Berentzen et al., 2003; Luna-Sánchez et al., 2014).

For an interaction where the perturbing galaxy is of a lower mass than the

target disk galaxy (i.e. less than one fifth the mass), a bar can be induced by both

a flyby (Miwa & Noguchi, 1998), and a direct interaction whereby the perturbing

galaxy passes through the target disk galaxy (Berentzen et al., 2003). Where

the masses of the target disk galaxy and the perturbing galaxy are comparable,

flybys can induce a bar (Miwa & Noguchi, 1998; Lang et al., 2014). In the case

of major mergers, bars can be formed and strengthened by such an interaction

(Gerin et al., 1990; Luna-Sánchez et al., 2014), although Gerin et al. found that

bars can also be destroyed by this method.
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The effects of gas on bar formation and growth

The role gas has in bar formation is a relatively understudied area. This is due in

most part to the difficulties of including gas particles into a simulation. However,

this dynamically cold ingredient of a disk galaxy can play an important role in

whether a bar forms or not. The inclusion of gas in a simulation sees the bars

formed being weaker than those formed in a simulation including only stellar

particles (Berentzen et al., 1998, 2007; Villa-Vargas et al., 2010; Athanassoula

et al., 2013).

When the gas fractions of the simulated disk galaxy are varied, those with an

increased gas fraction (i.e. fg > 10%) have a delay in bar formation (Athanassoula

et al., 2013), or bar formation can be completely inhibited due to the increased

gas causing the growth of a central bulge (Wozniak & Michel-Dansac, 2009). In

simulations of galaxies with higher gas fractions where a bar does form, the bar

is typically shorter and weaker (Villa-Vargas et al., 2010; Athanassoula et al.,

2013). The effects of a disk galaxy having a higher gas fraction is illustrated in

Figure 1.5 (which is taken from Cheung et al. 2013 and adapted for this thesis),

showing how a disk galaxy with a higher gas fraction (top row) will form a shorter,

stubbier bar than one formed in a gas poor disk galaxy (bottom row).

1.1.5 Summary

From theory and N−body simulations, a galactic bar naturally forms in in razor

thin disk made of only stars. Once formed, bars are thought to be long lived

structures that strengthen over time. After continual growth, the bar finally

buckles and forms a ‘peanut-shape’ bulge, although this does not necessarily

mean the bar is fully destroyed.

For disk galaxies that are dynamically ‘hot’ (i.e. the dispersion velocities

of the stars are still large), bar formation is suppressed, as angular momentum

cannot be absorbed and transferred efficiently. Disk galaxies with a large gas

fraction also hinder bar formation, with bars typically shorter and stubbier in

comparison to bars formed in disk galaxies with low gas fractions.

Finally, for a disk galaxy involved in a galaxy-galaxy interaction, a galactic

bar can be induced. This method of inducing bar formation is not limited to

dynamically cool, disk galaxies, with galaxies that are not yet susceptible to disk

instability (i.e. ‘hot’ disks, or disks with high gas fractions) having bars formed
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via this mechanism.

1.2 The morphologies of galaxies

There are two main morphological types of massive galaxy in our Universe; ellip-

tical galaxies and spiral galaxies. Elliptical galaxies are the most massive galaxies

in our Universe, made up of a spheroid of stars whose orbits are randomly ori-

ented, producing galaxies that look spheroidal or ‘cigar-shaped’, and that are

visually smooth. These galaxies tend to have very little star formation occurring,

and appear optically red when observed.

Spiral galaxies are typically less massive than ellipticals, and consist of stars

whose orbits are more organised. This produces galaxies that are thin and disk-

like in shape. Star formation rates in spiral galaxies are higher than those of

elliptical galaxies, and so spiral galaxies tend to appear optically blue in colour.

With stellar orbits forming ordered patterns, and with ongoing patches of star for-

mation, spiral galaxies often show internal substructures like spiral arms, galactic

bars, bulges, and rings, which reveal a combination of these orbital patterns and

the distribution of star formation.

Spiral galaxies, especially those with small or no central spheroidal component

(or bulge), are referred to interchangeably in the literature as spiral galaxies,

late-type galaxies and disk galaxies. Elliptical galaxies are often referred to as

early-type galaxies, but we note that this category can also include any smooth

galaxy, many of which are disk galaxies with large bulges, so elliptical galaxies

are just one subclass of early-type galaxies.

Whilst these two galaxy types encompass the morphological types of most

galaxies, the range of shapes ellipticals can take (spherical to ‘cigar-shaped’), and

the substructures spiral galaxies can form, requires a classification system with

more facets. The morphological classification system typically used is based on a

scheme conceived by Edwin Hubble (Hubble, 1926).

The Hubble tuning fork, illustrated in Figure 1.6, first splits galaxies into

two well defined populations, and a further ill-defined set of galaxies; these types

are an ‘early-type’, elliptical population, and a ‘late type’, spiral population, with

the third classification being irregular galaxies. Moving from left to right through

Hubble’s tuning fork, the first subcategory of elliptical galaxies are round (E0).

Moving right through the fork, elliptical galaxies become triaxial, and flatter until
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the final subcategory shows a ‘cigar-shaped’ elliptical galaxy (E7).

After elliptical galaxies, come the lenticular galaxies, which are referred to as

S0 galaxies. The morphology of S0 galaxies is a combination of the two general

classes, with an S0 galaxy typically exhibiting a large bulge, or elliptical-like core

with an extended stellar disk around it. The location in the fork suggested that

Hubble envisaged these galaxy types as the transformation morphology between

elliptical and spiral galaxies.

Further right of lenticular galaxies on Hubble’s tuning fork are spiral galaxies.

Hubble split spiral galaxies into two subcategories; those with barred structures,

and those without. Both subcategories move from tightly wound arms (Sa or

SBa, where B denotes barred spiral), through to loosely wound, flocculent spirals

(Sc or SBc). Similarly, the bulge sizes of these galaxies move from large bulges

for Sa galaxies, through to small bulges for Sc galaxies.

The third classification, which is not always shown on a Hubble tuning fork

diagram, is unattached from the original tuning fork. Hubble found that around

3% of his sample had no dominant nuclei or rotational symmetry, classifying

these galaxies as irregulars (Irr), noting that the Magellanic clouds are the most

conspicuous of this galaxy type.

The classification scheme proposed in Hubble (1926) still provides the basic

classification scheme used today, although attempts to modify it have occurred.

The most notable of these modifications were made by de Vaucouleurs (1959),

who incorporated a third fork in the spiral classifications to include weakly barred

spiral galaxies (denoted SAB). de Vaucouleurs also added a fourth spiral classi-

fication to incorporate diffuse spiral arms (Sd), as well as splitting the irregular

galaxies into irregular (Sm), and highly irregular (Im). For the Sd and Sm clas-

sifications, de Vaucouleurs split these further into barred or unbarred (SBd and

SBm). de Vaucouleurs also allowed for S0 galaxies to be classified as barred

(SB0) or unbarred (SA0), with ambiguous lenticulars remaining as S0 galaxies.

de Vaucouleurs also added a classification as to whether a galaxy exhibited ring

formation (r).

In addition to these modifications of the Hubble tuning fork, there are also

further adaptations that can be made due to increased depth and resolution of ob-

servations at both low and high redshifts. At low redshifts, there is a substantial

population of dwarf galaxies that have been observed. Hubble’s classification fork
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can be applicable to these dwarf galaxies, with the population ranging from com-

pact dwarf galaxies, through to dwarf spirals, with or without a barred structure,

all the way to dwarf irregular galaxies.

The Hubble Space Telescope (HST) provided our first look at resolved galaxies

at higher redshifts. From these early HST observations, it was clear that higher

redshift galaxies are clumpier and more irregular in morphology (e.g. Abraham

et al. 1996 and Buta 2011), with Cowie et al. (1995) the first to propose a new

morphological class of galaxies named ‘chain galaxies’. This morphological class

consists of galaxies that appear to be made up of clumps of star formation,

sometimes arranged in a chain structure (e.g. Cowie et al. 1995; van den Bergh

et al. 1996, and Elmegreen et al. 2004).

Whether these ‘chain galaxies’ are truly a different morphological galaxy type,

or whether they are a high redshift counterpart to the disk galaxies we observe

in our local Universe, possibly observed edge-on (Dalcanton & Shectman, 1996;

Elmegreen et al., 2004), is still unclear. What is clear, is that the Hubble tuning

fork at higher redshifts may require adaptation, with a range of typically rare low-

redshift morphologies being more commonplace at higher redshifts, as illustrated

in Figure 1.7 (taken from Buta 2011).

Despite many attempted adaptations, and new morphological types being

observed, the tuning fork classification put forward by Hubble almost a century

ago remains the basis for galaxy classification today.

1.3 Classifying galaxies in the modern era

We live in an era where the number of galaxies observed is so great that it is almost

impossible to visually classify the morphologies of every individual galaxy. With

galaxy morphologies being a key property used in understanding how galaxies

evolve, techniques to bulk classify are continually improving to attempt to deal

with this ever growing problem. In addition to the sheer volume of galaxies

observed, higher resolution images, and the growing use of integral field spec-

troscopy observations, bring their own added complexities. Broadly, there are

three techniques in which large catalogues of galaxies can be morphologically

classified.

The first of these are classifications based on computer analysis techniques.



CHAPTER 1. INTRODUCTION 21

Figure 1.7: Postage stamp, HST images of intermediate and high redshift galax-
ies (with each galaxies redshift shown in brackets underneath the image) and
their morphologies, with classifications defined by Elmegreen et al. (2004) and
Elmegreen & Elmegreen (2006). This illustration is taken from Figure 46 of Buta
(2011).
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This method can provide classifications for a large number of galaxies in a rel-

atively short time. This technique typically uses a combination of measurable

parameters and properties of a galaxy, the main ones being;

Elongation: The ratio of the semi-major and semi-minor axis of a galaxy. This

parameter is useful for determining whether an elliptical galaxy is round or ‘cigar-

shaped’ (i.e. its position along the E0-7 line of Hubble’s tuning fork - Figure 1.6),

or the inclination of a spiral galaxy (e.g. whether it is face-on or edge-on).

Sersic index (n): Description of how the intensity (I) of a galaxy varies with

its radius (R): I(R) ∝ e−kR
1/n

. Two of the most recognised profiles are the de

Vaucouleurs profile (n = 4), a good fit for elliptical galaxies, and the exponential

profile (n = 1), a good fit for spiral galaxies. This parameter provides the light

profile shape of a galaxy, providing a quick way of determining whether a galaxy

is an elliptical or spiral, as well as determining the prominence of a spiral galaxy’s

central bulge.

Pitch angle: Measurement of the angle between the tangent of spiral arms

and the tangent of a circle at the same radius. This parameter is useful for

determining how tightly wound spiral arms are, which determines where along

the two Hubble fork prongs a spiral galaxy is positioned (i.e. S(B)a−S(B)c -

Figure 1.6). Typically the pitch angle is ∼ 5◦ for Sa spirals, ∼ 10 − 12◦ for Sb

spirals, and ∼ 15− 20◦ for Sc spirals (e.g. Kennicutt 1981).

Colour: The difference in measured flux between two filters for a galaxy, with

one band being bluer and one redder to give a colour index. This property is

used to determine whether a galaxy is part of the ‘red sequence’ or ‘blue cloud’,

and therefore sometimes used as a proxy for determining whether a galaxy is a

spiral (typically blue) or an elliptical (typically red).

Whilst a galaxy’s elongation is relatively easy to measure, its Sersic profile

and pitch angle are less so. The Sersic profile of a galaxy is strongly dependent

on how many components the galaxy is split into, so fits that do not account

for strong bars or clumps (both easily detected by eye) could produce inaccurate

Sersic indices. The pitch angle, which measures the angle between the spiral arm

and the spiral’s central bulge, are also difficult to measure for galaxies that have
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multiple spiral arms, or for those whose arms are flocculent, or diffuse. Even

the elongation measurement of a galaxy could be affected by surface brightness

dimming. If the true edge of a galaxy’s stellar disk is too dim to observe, then

the measurement of its elongation may be over, or underestimated.

Similarly, whilst the colour of a galaxy is easy to calculate, using this criteria

alone to determine whether a galaxy is either an elliptical or spiral would not be

accurate. Whilst it is generally true that elliptical galaxies are ‘red and dead’,

and spiral galaxies are blue and star forming, there are exceptions to this rule.

For example, Schawinski et al. (2009) find that ∼ 6% of ellipticals reside in the

blue cloud, whilst Masters et al. (2010) similarly find that ∼ 6% of face-on, late-

type spiral galaxies are found on the red sequence, with as many as 20% of all

spirals having optically red colours.

Ideally, a catalogue of galaxies would be analysed via a computer program that

could take these measurable properties and be able to produce a detailed mor-

phological classification for every galaxy efficiently. Whilst numerous attempts

have been made to do this at low (e.g. Huertas-Company et al. 2011; Grootes

et al. 2014 and Meert et al. 2015) and high redshifts (e.g. Scarlata et al. 2006

and Huertas-Company et al. 2014), thus far producing a detailed morphologi-

cal profile of a galaxy has proven challenging. For example, the catalogues of

Huertas-Company et al. (2011), Grootes et al., and Meert et al. all provide reli-

able proxies for whether a galaxy is an elliptical or spiral galaxy. Furthermore, all

provide information on whether any spiral galaxies are bulge dominated or disk

dominated, but more detailed internal structures are not identified. This level of

morphological classification is also similar for the higher redshift catalogues, with

both Huertas-Company et al. (2014) and Scarlata et al. distinguishing between

late (spiral) and early (elliptical) type galaxies, as well as identifying whether a

galaxy is irregular, and even whether a galaxy is merging in the Huertas-Company

et al. catalogue.

Therefore, the output of these automated morphological classifications is use-

ful when a sample of elliptical, or spiral, or even irregular galaxies is required.

However, if information regarding the finer structure of spiral galaxies is needed,

such as whether it hosts a bar, whether it has spiral arms, and if so how many

and how tightly wound they are, these catalogues do not provide that infor-

mation immediately. Although these properties can be measured for a selected

subsample from such a catalogue, the catalogue itself does not provide the entire
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morphological profile of a galaxy, which can be done with visual classifications.

The second approach, which builds upon the automated methods approach, is

the machine learning method. First, an artificial neural network is provided with

a training set of galaxies that have already been classified, usually by eye. The

information from this sample is combined with other input parameters (like those

provided for other automated methods), which produces morphological classifi-

cations for large numbers of galaxies. Whilst this method is a relatively recent

concept, there are encouraging signs that this could be the best way to morpholog-

ically analyse galaxies when the next generation of telescopes are launched. For

example, when using a training set of galaxy morphologies taken from Galaxy Zoo

1, Banerji et al. (2010) find that their adaptive code can reproduce human classi-

fications across three morphological types (early, late and merger type galaxies)

to better than 90% accuracy. Similarly, when using neural networks and Galaxy

Zoo 2 classifications as a training set, Dieleman et al. (2015) were able to repli-

cate the visual classifications at least 70% of the time for substructures such as

number and tightness of spiral arms. This agreement became greater than 90%

of the time when classifying whether a disk galaxy was edge-on or barred.

The third method is the classical method of classifying galaxies visually. How-

ever, in the modern era, with the numerous amount of galaxies available, the sheer

time required to classify so many galaxies makes this option difficult to pursue.

However, it must be noted that there are several works that have attempted this

method with success, such as the RC3 Catalogue (de Vaucouleurs et al. 1991;

23,022 galaxies), MOSES (Schawinski et al. 2007; 50,000 galaxies), and a cata-

logue of classifications made by Nair & Abraham (2010) (14,034 galaxies).

One further potential problem with visual classifications is observer bias/opinion.

For example, it would be easy to determine by eye whether a galaxy is elliptical or

spiral in morphology, but determining whether a spiral is an Sb or Sc is more dif-

ficult, with the classification based on the opinion of the observer. Furthermore,

if several thousand galaxies are being classified by one, or a handful professional

astronomers, classifications may become inconsistent due to fatigue. This is not

true with computer based classifications, where set criteria for each classification

bin can be set and adhered to by measured values of physical properties.
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1.4 The Galaxy Zoo project

The work in this thesis uses a novel version of the classical method of visual

morphological classifications of many galaxies by enlisting the help of thousands

of citizen scientists as part of the Galaxy Zoo2 project. This method combines

visual classifications made by several volunteers for each galaxy, to produce a

likelihood of a galaxy’s visual morphological properties. The Galaxy Zoo project

has provided catalogues of morphological classifications for Sloan Digital Sky

Survey (SDSS) galaxies (Lintott et al., 2008; Lintott et al., 2011; Willett et al.,

2013), and more recently higher redshift, HST imaged galaxies (Galaxy Zoo:

Hubble and Galaxy Zoo: CANDELS).

1.4.1 Galaxy Zoo 1

The first Galaxy Zoo (GZ) project, Galaxy Zoo 1 (GZ1; Lintott et al. 2008,

2011), began in 2007, with over 105 citizen scientists providing in excess of 4x107

visual classifications (a mean of ∼ 38 per galaxy) for almost 106 SDSS galaxies

from the Main Galaxy Sample (see Table 1.1 for details; Strauss et al. 2002).

The options for classification in this first instance were limited to six choices in

order to minimise the degree of knowledge required by the volunteer: i) elliptical

galaxy; ii) clockwise spiral galaxy; iii) anticlockwise spiral galaxy; iv) other spiral

galaxy (i.e. edge-on); v) star or don’t know; or vi) merger.

The classifications of users were combined for each galaxy, providing vote

fractions, p, for each of the six stated morphologies. For example, if 40 people

classify a galaxy and 30 say the galaxy is elliptical, then the raw vote fraction for

the galaxy being elliptical, pell, is 0.75. Furthermore, the votes of each user were

also weighted to account for ‘good’ and ‘bad’ users. ‘Good’ users are ones who

tend to agree with the majority across all galaxies, whilst ‘bad’ users are ones

who tend to disagree with the majority across all galaxies.

All users begin with a weighting of 1.0. ‘Bad’ users have their weighting re-

duced, with the reduction ranging anywhere from one down to zero, depending on

how much the user disagreed. Similarly, a ‘good’ user has their vote upweighted.

The distribution of user weightings (Figure 1.4.1, taken from Lintott et al. 2008),

shows that the majority of users remain with a weighting of one, with only a small

percentage of users being weighted up or down. The weightings were calculated

2www.galaxyzoo.org
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Table 1.1: Information regarding galaxy samples used for each of the GZ projects,
including the sample sizes and the source of the images.

GZ project Sample information Image source Sample size

Main Galaxy Sample

GZ1 mr < 17.77 SDSS 893,212

µr−50 ≤ 24.5

DR7 Legacy catalogue

GZ2 Stripe 82 observations SDSS 304,122

mr < 17

AEGIS HST 8,454

COSMOS HST 91,202

GZ: Hubble GEMS HST 9,255

GOODS-N HST 2,521

GOODS-S HST 4,539

GZ: CANDELS CANDELS HST (NIR) 49,555

using only the largest, and brightest GZ1 galaxies (rp > 4.5 arcsec and r < 17),

so that weightings were not distorted by the galaxies at the fainter end of the

sample, although these weightings were applied to all of the GZ1 galaxies. It is

worth noting that this weighting method rewards consistency, not necessarily the

best users.

GZ1 provided the largest sample of galaxies with visual morphological classifi-

cations, and continues to produce numerous peer-reviewed science papers3 across

the morphologies explored, e.g., elliptical galaxies (Schawinski et al., 2009), spiral

galaxies (Masters et al., 2010), and merging galaxies (Darg et al., 2010a,b).

1.4.2 Galaxy Zoo 2

The success of GZ1 was resounding, and soon after its completion Galaxy Zoo

2 (GZ2; Willett et al. 2013) was launched. Beginning in 2009, GZ2 initially

contained a sample of the brightest (mr < 17) 25% of galaxies from the DR7

3see https://www.zooniverse.org/publications for full list of GZ publications.
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Figure 1.8: Distribution of user weightings in GZ1, taken from Lintott et al.
(2008). The solid line shows the distribution of user weightings for a separated
sample of spirals (i.e. clockwise, anticlockwise and other spiral), whilst the dashed
line shows the distribution when these samples are combined into one.
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‘Legacy’ catalogue (Abazajian et al., 2009). Further galaxies were added to this

sample at a later date. These galaxies were additional ‘missed’ galaxies in the

Legacy catalogue and from Stripe 82 observations, providing a final GZ2 catalogue

of 304,122 galaxies (see Table 1.1 for details).

The aim of GZ2 was to ask volunteers more questions for each galaxy in a bid

to classify finer morphological structures in each case. For each galaxy image, the

user was asked the same first question; ‘Is the galaxy simply smooth and rounded,

with no sign of a disk?’. With three options to choose from; ‘smooth’, ‘disk

or features’, or ‘star or artifact’. The answer to this first question determined

which questions would be asked next. For smooth galaxies the user was asked the

shape of the galaxy (i.e. completely round, ‘cigar-shaped’, or in between these

two shapes), whilst for galaxies exhibiting disk or features, a range of questions

exploring its substructure (such as bulge, bar, spiral arms) were asked. Finally,

for all galaxies, the user was asked whether anything was odd, with seven potential

options available (ring, lens or arc, disturbed, irregular, merger, dust lane, other).

Whilst GZ2 required more time and analysis from a user to complete the

‘tree’ of questions for a given galaxy, its popularity remained. A total of 83,943

volunteers contributed 16,340,298 classifications, meaning that each galaxy had

a median of 44 user classifications (99.9% of galaxies had a minimum of 28 vol-

unteer classifications). For each question asked, the classifications of users were

combined to produce vote fractions for each morphological answer. Tracing the

vote fractions for each galaxy down the tree of questions asked provides a statis-

tical morphology for each galaxy.

As with GZ1, a weighting scheme was applied to each users’ classifications.

However, unlike in GZ1, a decision was made that users classifications could only

be downweighted if they disagreed with the general consensus, with no upweight-

ing applied. This resulted in 95% of users remaining with a weighting of one, and

only ∼ 0.01% of users having a weighting below 0.01.

The GZ2 catalogue provided detailed morphologies for over a quarter of a

million SDSS galaxies, with Willett et al. (2013) finding that GZ2 classifications

compared favourably with other morphological catalogues for specific morpho-

logical types. Similarly to GZ1, the number of science results coming from the

GZ2 catalogue continues to grow, with a range of topics explored; galactic bars

(Masters et al., 2011; Hoyle et al., 2011; Cheung et al., 2013), links between en-

vironment and morphology (Skibba et al., 2009, 2012), morphological tracers of
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merging galaxies (Casteels et al., 2013), the active galactic nuclei (AGN) −bar

relationship (Galloway et al., 2015), amongst others.

1.4.3 Galaxy Zoo beyond the local universe

With proven success at providing visual morphological classifications of galaxies

in the local universe, the proceeding GZ projects used images taken by the Hubble

Space Telescope (HST) to visually classify galaxies at higher redshifts.

The HST galaxies used so far in GZ are of optical and infrared images of

galaxies. Optical images were taken by the Advanced Camera for Surveys (ACS)

instrument, which has two 2048×4096 pixel CCDs, with a resolution of 0.05′′

per pixel. The infrared images were taken by the Wide Field Camera 3 infrared

channel (WFC3/IR), whose 1024×1024 CCD has a resolution of 0.06′′ per pixel.

The optically imaged ACS galaxies were initially observed by a single filter

(F814W), with ground based telescopes providing further observations in other

filters, in order to make the pseudo colour images presented to GZ volunteers

to classify. Galaxies observed by the WFC3/IR instrument use its two infrared

filters (F160W and F125W), combined with the ACS filter (F814W), to produce

the required colour images for GZ volunteers to classify.

The first project to use HST observations was Galaxy Zoo: Hubble (GZH;

Willett et al., in prep.), which used the ACS optically imaged galaxies. These

images allowed for the morphologies of galaxies to be explored up to z ∼ 1. GZH

ran from April 2010 until September 2012, with 86,520 citizen scientists providing

a minimum of 33 (median 47) classifications per galaxy, for 115,971 high redshift

galaxies (see Table 1.1). This version of GZ provides the morphological classifi-

cations predominantly used in this thesis, with more specific details discussed in

later chapters.

The current GZ project, Galaxy Zoo: CANDELS (GZC; Simmons et al., in

prep.), uses HST WFC3/IR observations of galaxies. This inclusion of infrared

(IR) images has allowed visual classifications for galaxies at higher redshifts (up

to z ∼ 2) than previously possible for only optically imaged of galaxies (see

Table 1.1 for sample size details).

GZH and GZC are relatively new projects, with classifications still being col-

lected in the case of GZC. To date, the classifications have not been made available

publicly, primarily due to the need of adding classification weightings, as done in

the previous GZ projects, and exploring any potential biases that may be incurred
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when visually classifying galaxies over wide redshift ranges.

The science papers to date from both projects explore disk and barred disk

galaxies over this epoch, and this thesis is composed of the first scientific papers

released from GZH (Chapter 3), and GZC (Chapter 4). With these papers, and

this thesis driven towards understanding the role of bars in disk galaxy evolution,

I will now discuss the theory and observations of galactic stellar bars.

1.5 Observational properties of barred disk galax-

ies in our local universe

1.5.1 The observed bar fraction in our local universe

There are two types of bars observed in disk galaxies; nuclear bars and galactic

bars. Nuclear bars are short, and usually unresolved bars (< 2kpc) found at

a galaxy’s centre, while galactic bars are much larger in size (2 − 20 kpc), and

therefore much easier to observe. Throughout this thesis I focus on galactic bars,

unless stated.

There have been many works that have investigated the amount of galactic

bars present in the disk galaxy population. The abundance of barred disk galaxies

can be quantified as the bar fraction (fbar), which is simply the number of barred

disk galaxies (Nbar) observed divided by the total number of disk galaxies (Ndisk)

observed:

fbar =
Nbar

Ndisk

. (1.2)

In our local universe, the observed bar fraction ranges from ∼ 25% (de Vau-

couleurs et al., 1991; Masters et al., 2011; Nair & Abraham, 2010), through to

∼ 50% (Menéndez-Delmestre et al., 2007; Barazza et al., 2008; Aguerri et al.,

2009), and possibly even higher according to some NIR observations (Mulchaey

& Regan, 1997; Marinova & Jogee, 2007). The disagreement between sets of

observations can be resolved when the samples used are inspected more closely.

Small sample sizes can play a part in differing bar fractions, as can the general

selection criteria, such as magnitude or mass limits. On top of these criteria,

there is also the selection criteria for what the observer deems to be a barred disk

galaxy, which itself is dependent on what an observer deems to be a disk galaxy.
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In the case of selecting whether a disk galaxy is barred or unbarred, the

method for how bars are classified can affect the bar fraction observed, with

three main methods chosen for this step.

Visual classification: Bars are identified by eye, either by professional as-

tronomers or citizen scientists.

Ellipse fitting: Ellipses are fit to the bars’ isophotes out to a given radius. For a

barless disk, the isophotes are typically round at all radii. However, for a barred

disk galaxy will have elongated isophotes in the bar region, before becoming more

circular once outside the bar radius, thus providing a bar identification method.

Fourier decomposition: The azimuthal luminosity profile of a galaxy is de-

constructed about its minor axis. The deconstructed profile is decomposed into

a Fourier series, whereby the Fourier amplitude of the m = 2 component reveals

whether a galaxy is barred or unbarred. A disk galaxy is defined as barred when

the even values of the amplitude are large (especially for the m = 2 component),

while odd values are small.

The strength of bars used in a study can also affect the bar fraction observed,

with studies using stronger bars giving lower bar fraction, and those using strong

and weaker bars giving rise to higher bar fractions. These two criteria tend to

complement each other, with visually selected samples typically only selecting

strong bars in their samples (Masters et al., 2011; Nair & Abraham, 2010), as the

human eye is good at selecting this bright feature, but can err on the cautious

side when considering weaker, or warped bar morphologies. Bars classified by

computational based methods tend to have a set criteria as to what constitutes

a bar, and so are more adept at picking out and including weaker bars in their

studies, although this method is prone to contamination from elongated isophotes

that are not due to a bar. Therefore, this method of bar identification produces

higher observed bar fractions (Barazza et al., 2008; Aguerri et al., 2009).

The wavelength bars are observed at could also give rise to differing bar frac-

tions. In the NIR, where older stellar populations dominate, higher bar fractions

(∼ 60−70%; Mulchaey & Regan 1997 and Marinova & Jogee 2007) are seen than

in optical wavelengths. However, since these early observations were made, there
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have been further NIR studies that suggest the bar fractions do not alter from op-

tically to NIR observed disk galaxies (Eskridge et al., 2002; Menéndez-Delmestre

et al., 2007).

Towards shorter wavelengths, it is expected that the fraction of bars in disk

galaxies would drop, as it is hot, young stars that emit in the ultraviolet (UV).

With bars mainly made up of older stars, galactic bars are expected to be fainter

in the UV and near-UV. When exploring the bar fractions of 139 SDSS disk

galaxies across the five Sloan bands (u, g, r, i, z), Sheth et al. (2008) found that

the bar fraction does drop in the u-band. Whilst the u−band is a UV filter, its

poor filter response may be as much the cause of this drop in bar fraction.

Equally as important as the bar selection criteria is how disks are selected

for the initial disk sample, as they form the denominator in our bar fraction

calculation. Therefore, the inclusion or exclusion of either very late-type (i.e.

Sdm) galaxies or early-type disk galaxies (i.e. S0s) can vary the observed bar

fraction. The effects of disk selection are explored in the following section.

The range of selection criterion used by studies exploring the bar fraction in

the local universe (and beyond) mean direct comparisons between results must

be explored with caution. Comparisons between samples where the initial galaxy

selection criteria is carefully chosen, such as applying a volume limit or exploring

disk galaxy populations in similar stellar mass bins, will provide samples from

which sensible comparisons can be drawn. Furthermore, bar classification plays

an important role in identifying the overall bar fraction. Whilst observed bar

fractions differ when visually classified bar samples are compared to those us-

ing automated methods, a comparison between two samples that use the same

method of bar identification tend to give consistent results.

1.5.2 The properties of barred disk galaxies in our local

universe

It has long been known that bars are present across the full range of spiral types

(Hubble, 1926; Elmegreen & Elmegreen, 1985), as well as lenticular galaxies (de

Vaucouleurs, 1959). However, the incidence of bars for each morphological type

differs, with this dependence strongly correlated with stellar mass, and therefore

colour. Here, I discuss the correlations observed for barred disk galaxies for a

selection of these properties.
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Massive disk galaxies (M > 1010M�): A large fraction of massive disks are

red in colour (Masters et al., 2010; Nair & Abraham, 2010; Cheung et al., 2013),

and are typically bulge dominated and early-types (S0-Sa/Sb) in morphology

(Masters et al., 2010; Nair & Abraham, 2010). These massive red disk galaxies

exhibit high bar fractions (Barazza et al., 2008; Giordano et al., 2010; Masters

et al., 2010; Nair & Abraham, 2010), with Masters et al. finding that 67 ± 5%

host bars, compared to 27 ± 5% of blue spirals. Similarly, Barazza et al. found

that larger (by radius) disk galaxies have higher bar fractions (∼ 70%), compared

to smaller disk galaxies (∼ 40%).

Less massive disk galaxies (M < 1010M�): For lower mass disk galaxies,

disks tend to be blue in colour and have late-type (Sc-Sd) morphologies (Nair &

Abraham, 2010). For the population of blue (g − r < 0.5) disk galaxies, which I

use as a proxy for low mass for this comparison, the observed bar fractions vary.

Masters et al. (2010, 2011) observed a bar fraction similar to that found for the

general disk population, with a slight increase in bar fraction at g − r ∼ 0.4.

However, both Barazza et al. (2008) and Nair & Abraham (2010) found that the

bar fractions for their blue disk population were higher than those observed for

red disks (with Nair & Abraham observing this for low mass [M < 1010] disks

also). The discrepancies between these observations are most likely due to sample

selection.

Bar properties: The length of the bar is correlated with its host galaxy, and

thus the parameters of the bar also correlate with mass and colour. Typically,

bars in more massive, and therefore red disk galaxies tend to be longer than those

in blue, late-type disk galaxies (Erwin, 2005; Aguerri et al., 2009; Hoyle et al.,

2011). The absolute bar lengths tend to be > 6 kpc for red galaxies, and below

the same threshold for blue galaxies. When exploring the bar to disk radius

ratios, Aguerri et al. (2009) found that early-type disk galaxies have mean ratios

of 0.39, with this reducing to 0.31 for late-type disk galaxies. It is interesting to

note that Aguerri et al. found that S0 disk galaxies had shorter bars on average

than all spiral types, but their bar to disk radii ratios were considerably higher

(0.51).

The effects of local environment on bars: Observations exploring whether

the likelihood of disks hosting bars is dependent on local environment currently
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have no overall consensus. Using two-point cross-correlation functions, both Li

et al. (2009) and Lin et al. (2014) see no environmental dependence on the bar

fraction for the disk population as whole. However, both observed a weak, but

significant dependence on environment for red, early-type barred disks to be

located in denser environments (100 kpc - 1 Mpc) than the unbarred early-types.

Several other works also conclude that environment has no significant effect on

the incidence of disks being barred (van den Bergh, 2002; Aguerri et al., 2009;

Méndez-Abreu et al., 2012), but Méndez-Abreu et al. note that the peak in bar

fraction occurs at brighter magnitudes (Mr ∼ −20.5) in clusters than observed

in the field (Mr ∼ −19).

Observations offering a contrasting view to these are also available. Skibba

et al. (2012), who also used two-point cross-correlations, found a significant de-

pendence on environment for barred (and bulge dominated) disk galaxies, whereby

those with bars (and bulges) were more likely to be found in denser regions than

their unbarred (bulgeless) counterparts. Similarly, Barway et al. (2011) found

that, for faint (MK > −24.5) lenticulars, the bar fraction is higher in cluster

environments than in field environments, whilst Casteels et al. (2013) observed a

decreasing bar fraction for galaxies in close pairs.

Finally, observations of specific clusters identify that, while the bar fraction

observed is similar to that in the field, there is a slight, but significant increase

in the bar fraction closer to the cluster’s centre (Barazza et al., 2009; Marinova

et al., 2009, 2012). As with other areas studying the properties of barred disk

galaxies, discrepancies between conclusions may be due to sample selection.

Gas content: In their observations, Masters et al. (2012) analysed the HI content

of 2,090 disk galaxies from the ALFALFA HI survey. Masters et al. found that,

on average, the bar fraction of gas poor disk galaxies (fbar ∼ 0.4) are double than

those of gas rich ones (fbar ∼ 0.2). They found that, at a fixed gas fraction, it is

optically redder disk galaxies that are more likely to host a bar.

Masters et al. propose three possible reasons for this observation; 1) bars

cause atomic gas to be used up more quickly, which was also the conclusion of

Davoust & Contini (2004) in their observations of 105 unbarred and 113 barred

disks; 2) gas in disk galaxies inhibits bar formation; 3) the correlation between bar

fraction and gas content is driven by their mutual dependence on environment.
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1.6 Observational properties of bars at higher

redshifts

Beyond our local universe, the study of bars was initially limited by higher redshift

galaxies being unresolvable with the then available telescopes. It was not until

the HST was launched that galaxies beyond our local universe were observed,

and sufficiently resolved for substructure to be identified.

The first notable exploration of high redshift bars was conducted by Abraham

et al. (1999), who examined eighteen face-on disk galaxies observed in the Hubble

Deep Field North and South, concluding that the fraction of disk galaxies hosting

bars was decreasing towards higher redshifts. The works proceeding this debated

this observation, instead concluding that the bar fraction actually remained con-

stant out to z ∼ 1 (Sheth et al., 2003; Elmegreen et al., 2004; Jogee et al., 2004).

Each of these samples were roughly an order of magnitude larger than the one

used by Abraham et al., and so the consensus soon became a constant bar fraction

out to z ∼ 1, although Sheth et al. specifically stated that this conclusion was

only for the largest bars, due to the limiting resolution of their NICMOS images.

The consensus would begin to change again, when Sheth et al. (2008) would

observe a declining bar fraction with increasing redshift in a sample of ∼ 2, 000

disk galaxies observed in the COSMOS field. Specifically, Sheth et al. observed

a bar fraction of ∼ 30% at z ∼ 0.2, which fell to ∼ 10% at z ∼ 0.8. They were

able to build on this observation further, by suggesting that the most massive

disk galaxies have a constant bar fraction over this epoch (in line with the result

of Sheth et al. 2003), and it is the less massive disk galaxies whose bar fraction

increases as the Universe ages.

Since the work of Sheth et al., Cameron et al. (2010) has conducted a similar

study for the disk galaxies in COSMOS. Like Sheth et al., they found that overall,

the bar fraction decreases out to higher redshifts. Cameron et al. also confirm

that the bar fraction remains constant across the epoch they explore (0.2 < z <

0.6) for the most massive disks (M > 1011M�), whilst it is the less massive disk

galaxies that exhibit the evolving bar fraction. In Chapter 3, I will expand on this

previous work by exploring the evolving bar fraction using visual classification

from Galaxy Zoo.

To date, Kraljic et al. (2012) provide the only published work that explores

the evolving bar fraction from a simulated perspective. From their sample of 33
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‘Milky Way’ like disk galaxies, which are analysed from z = 2 through to z = 0,

Kraljic et al. found that the bar fraction decreased with increasing redshift in their

simulations, agreeing with the observations from Sheth et al. (2008); Cameron

et al. (2010). From these simulations, Kraljic et al. went on to predict that the

bar fraction beyond z ∼ 1 would continue to decline, before reaching zero at

z ∼ 1.5.

Whilst the predictions of Kraljic et al. are based on a sample of 33 disk

galaxies, whose masses at z ∼ 1 are lower than equivalent observed disk galaxies

at this epoch (i.e. their masses at z = 0 are ∼ 1010−11), they are currently the

only published works, simulated or observed, which have explored the bar fraction

beyond z = 1.

1.7 What role does a bar play in disk galaxy

evolution?

The role the bar plays in the evolution of its host galaxy is still not entirely

understood. From the theoretical side, there are several predicted ways in which

a bar can affect the evolutionary path of its host galaxy. However, observations

of barred disk galaxies are not always in agreement with the theory, and at times

there is much disagreement between two sets of observational results. Here, I will

describe the main roles that a bar is believed to have in the secular evolution of

its host disk galaxy.

Formation of a pseudo-bulge

As I described in Section 1.1, the effect of a bar is to stabilise a disk galaxy,

allowing gas to lose energy and angular momentum and fall towards the inner

disk (e.g. Matsuda & Nelson 1977; Athanassoula 2005, 2012; Combes 2009). As

this process continues, the bar strengthens, growing thicker and longer until its

thickness becomes greater than the plane of the disk (Sellwood & Wilkinson,

1993). Once this occurs, the bar itself becomes unstable and buckles, causing

material to centrally concentrate to form a ‘peanut-shape’ at the galaxy’s centre

(Pfenniger & Friedli, 1991; O’Neill & Dubinski, 2003; Kormendy & Kennicutt,

2004). Whether the outer bar remains, or is destroyed, the central part has formed

a pseudo-bulge, thus transforming the morphology of the disk galaxy from one
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that was barred, to one that has a central bulge.

Whilst the theory of bar buckling is overwhelmingly in favour of a pseudo-

bulge being formed, determining an evolutionary link between barred disk galax-

ies and those with a bulge is difficult through observations. As the images we

obtain are only a snapshot of a galaxy’s life, accurately tracing its morphological

evolution is impossible with current observations. However, NIR observations

have offered an insight into a sample of disk galaxies with central bulges that

also have a bar like structure extending outwards from this central concentration

(Lütticke et al., 2000; Gadotti et al., 2007). Whilst this does not offer a causal

link between a barred galaxy evolving into one with a bulge, these observations

offer a confirmation of what was predicted by simulations of bar buckling theories

(Athanassoula, 2005; DeBuhr et al., 2012; Erwin & Debattista, 2013).

Fuelling central star formation

Like the formation of a pseudo-bulge, the process of a bar fuelling central star

formation comes from the theoretical understanding that bars allow gas to fall

centrally to the disks centre. This would result in a high density of gas at the

disk galaxy’s centre, and thus the star formation rate (SFR) would be higher for

a barred galaxy than for an unbarred galaxy.

There is substantial observational evidence to support the theory that bars

increase central star formation in disk galaxies. Hawarden et al. (1986) found that

one third of their 186 spiral galaxies (types SAB and SB) exhibited an increased

SFR, whilst similar conclusions were drawn by many other works (e.g. Martinet

& Friedli 1997; Sakamoto et al. 1999; Sheth et al. 2005; Ellison et al. 2011, and

Zhou et al. 2015). Whilst the observations support the notion that barred galaxies

have higher SFRs in the central regions, there are caveats that this may only be

true for stronger bars (Zhou et al., 2015), or for early-type spirals (Ho et al.,

1997).

Bars fuelling an AGN

Similar to the effects of bars so far discussed, the fuelling of a central Active

Galactic Nuclei (AGN) is theoretically driven by the ability the bar has in driving

gas into the inner disk regions, thus fuelling an AGN, if one is present. There

are numerous observations that support this theory (Knapen et al., 2000; Coelho

& Gadotti, 2011; Oh et al., 2012; Alonso et al., 2013), but the evidence to the
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contrary is equally compelling (Ho et al., 1997; Mulchaey & Regan, 1997; Lee

et al., 2012; Cisternas et al., 2013; Galloway et al., 2015). Exploring the bar-

AGN fuelling link at higher redshifts is still very much in its infancy, but beyond

our local universe, observations so far suggest bars do not fuel AGN over this

epoch either (Cisternas et al., 2014; Cheung et al., 2015).

Whilst there are observational results that find that barred disk galaxies are

more likely to have an AGN (e.g. Lee et al. 2012 and Galloway et al. 2015),

it is far from clear as to whether galactic bars directly feed the AGN. There is

an argument that galactic sized bars can only transport gas to the inner few

kiloparsecs of a galaxy, and that another process (or processes) are required for

gas to be transported to the inner parsecs to directly feed the AGN (Erwin &

Sparke, 2002; Knapen, 2004).

Bars ceasing star formation - the move to the red sequence

The mechanism of bars driving gas to the inner disk to form stars is one that allows

for an argument that barred galaxies use up their reservoir of gas more quickly

than an unbarred galaxy. The result of this theory would be that a barred disk

galaxy would move from the star forming blue cloud to the red sequence sooner

than an unbarred disk galaxy with similar properties.

Several works observe higher bar fractions in massive, red disk galaxies in

comparison to blue disk galaxies of the same mass (Masters et al., 2010; Masters

et al., 2011; Nair & Abraham, 2010; Cheung et al., 2013). Whilst this gives no

direct indication that bars cease star formation in disks, the correlation of red

disks being more likely to host a galactic bar suggests the bar instability and the

ceasing of star formation may be related.

There are currently a handful of simulations that agree with the theory of

galactic bars quenching star formation in disk galaxies (e.g. Gavazzi et al. 2015;

Haywood et al. 2016). However, a definitive answer as to whether bars aid the

cessation of star formation would be dependent on understanding how efficient

the process of bars funnelling gas to the inner disk is.

1.8 Thesis plan

In this thesis I intend to explore how barred disk galaxies have evolved since

z ∼ 2. I will explore the settling of disk galaxies since z = 1, exploring how the
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stellar mass of a galaxy dictates when the disk becomes dynamically cool, with

its evolution being driven by internal, secular processes. I will also explore obser-

vations of the rest-frame colours of disk and barred disk galaxies, to understand

how the presence of a bar can affect the evolution of disk galaxy. Finally, beyond

this epoch of disk settling (z > 1), I will begin investigating how disk galax-

ies are still able to form barred structures, despite this epoch being a violent,

merger driven evolutionary phase for galaxies. This work will combine photo-

metric and spectroscopic data from HST optical (ACS camera), and infrared

(WFC3) observations of the COSMOS field, as well as additional HST fields for

the IR, CANDELS observations, with visual morphological classifications from

the Galaxy Zoo project.

The layout for this thesis is as follows. In Chapter 2 I will describe the optical

observations made by the ACS instrument, on board the HST, in the COSMOS

field. I will then go on to discuss the visual morphological classifications from

Galaxy Zoo: Hubble, before comparing them to a set of morphologies provided

by in Scarlata et al. (2006). In Chapter 3 I will explore how the fraction of disk

galaxies hosting bars has evolved with redshift, and investigate what role stellar

mass plays in this process, with Chapter 4 exploring bar fractions beyond z > 1

using HST CANDELS data. In Chapter 5 I will explore potential observational

biases that may affect how Galaxy Zoo volunteers visually classify Galaxy Zoo:

Hubble galaxies across the redshift range z = 0.3− 1. I will go on to introduce a

sample of artificially redshifted galaxies that are used to debias the Galaxy Zoo:

Hubble galaxy catalogue, before using the newly debiased vote fractions to re-

explore my results from Chapter 3. In Chapter 6 I will use optical HST COSMOS

observations to explore the evolving demographics of in the red sequence since

z = 1, before concluding my work, and offering insight into future work in this

field in Chapter 7.



Chapter 2

Techniques of Imaging and

Morphological Classification

2.1 Introduction

This thesis makes use of visual classifications from several thousand citizen sci-

entists as part of the Galaxy Zoo project, specifically data from Galaxy Zoo:

Hubble, which will be discussed and explored in this chapter, as well as Galaxy

Zoo: CANDELS, which is described in Chapter 4.

In this chapter, I will begin by describing the observations made by the Hub-

ble Space Telescope (HST) for the Cosmic Evolution Survey (COSMOS), which

provide the images used in Galaxy Zoo: Hubble. Following this, I will go on

to discuss the third incarnation of the Galaxy Zoo project, Galaxy Zoo: Hubble

in Section 2.3. Here I will describe how images of galaxies were made, in or-

der for them to be classified by Galaxy Zoo volunteers, as well as explaining the

classification process. In Section 2.4, I will compare the Galaxy Zoo: Hubble mor-

phological classifications with those made by the Zurich Estimator of Structural

Types (ZEST), an algorithm that uses principal component analysis to produce

morphological classifications.

2.2 HST observations in the COSMOS field

The Cosmic Evolution Survey (COSMOS; Scoville et al. 2007a,b) was a HST

Treasury Project designed to explore large scale structure, dark matter, and the

evolution of galaxies. An equatorial field with low, and uniform galactic extinction

40
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Figure 2.1: Graph showing how the angular resolution of the ACS instrument
increases from ∼ 0.65 kpc at z = 0.4, to ∼ 0.95 kpc at z = 1, as illustrated by
the green dashed lines.

(E(B−V ) ∼ 0.02), the COSMOS field spans an area of ∼ 2 square degrees on the

sky. The observations were made by the Advanced Camera for Surveys (ACS)

instrument, an optical camera on board the HST. The observations made by the

ACS have exceptional spatial resolution (0.05 arcsec/pixel), with galaxies imaged

in the F814W (I) filter.

These single band images taken by the ACS are able to resolve all structures

with radii greater than ∼ 1 kpc in size at z = 1, with structures with radii as small

as ∼ 0.7 kpc in size resolvable at z = 0.4, as Figure 2.2 illustrates. The resolution

capabilities of the ACS are ideal for resolving the substructures of galaxies up to

z = 1. For this thesis, where the primary goal is to explore the effects bars have

on disk galaxies, the capabilities of the ACS means that all large scale galactic

bars are resolvable, as typical lengths of bars in the local universe are at least 2

kpc in size (Elmegreen & Elmegreen, 1985; Barazza et al., 2008; Aguerri et al.,

2009; Hoyle et al., 2011).

As an equatorial field, there have been many follow up observations made of
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the COSMOS galaxies, providing a large set of ancillary data that spans a range

of wavelengths:

• X-ray: Chandra and XMM Newton

• UV: GALEX

• Optical: CFHT and Subaru

• IR: Spitzer, UKIRT, UltraVISTA

• Radio: VLA

With this array of observations, each COSMOS galaxy has observations from

around 16-30 different, narrow and wide band filters (Scoville et al., 2007b; Capak

et al., 2007; Ilbert et al., 2009), allowing for accurate spectral energy distribu-

tions (SEDs) to be fit, and therefore highly accurate photometric redshifts to be

calculated (i.e. accurate to σ∆z ∼< 0.02 up to z = 1.25; Ilbert et al. 2009). Ac-

companying these photometric redshifts are spectroscopic redshifts for ∼ 20, 000

galaxies (up to z ∼ 1.2) from zCOSMOS (Lilly et al., 2007).

However, ACS images are single filter, optical images, and so redshift limita-

tions become enforced by band shifting effects. Beyond z = 1, galactic structures

that are constructed of older stellar populations, such as bars, may become dif-

ficult to observe. This is because the light gathered by the F814W filter would

have been emitted in the UV, which typically constitutes light being emitted by

younger, hot, massive stars, and so the older stellar populations would become

to faint to observe. This z = 1 limit is particularly relevant to this work, as the

stellar populations of bars tend to be older, and will therefore become fainter,

and more difficult to observe beyond the z = 1 limit.

2.3 Galaxy Zoo: Hubble

In Section 1.4 I talked about the history of Galaxy Zoo and its projects and

impact, here I will talk specifically about the third version of Galaxy Zoo; Galaxy

Zoo: Hubble.

Galaxy Zoo: Hubble (GZH) was the first Galaxy Zoo project that did not

use galaxies imaged by the Sloan Digital Sky Survey (SDSS), instead using high

resolution optical images taken by the Advanced Camera for Surveys (ACS) in-

strument on board the Hubble Space Telescope (HST), which were discussed in

the previous section. Images included in GZH were drawn from publicly available
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data from observations of the COSMOS (Scoville et al., 2007b), AEGIS (Davis

et al., 2007), GOODS-North and -South (Giavalisco et al., 2004), and GEMS (Rix

et al., 2004) fields.

Observations in this thesis are predominantly taken from HST observations

of the COSMOS field (although Chapter 4 uses GZ: CANDELS images, which

will be discussed in more detail there). The original observations of COSMOS

galaxies were made in the F814W (I) band by the ACS instrument on board the

HST. As these galaxies were only imaged in one band by the HST, pseudo colour

images, suitable for visual classifications by Galaxy Zoo volunteers, were created

using ground based observations, as I describe below.

As described in Griffith et al. (2012), the I−band image produced an illu-

mination map of a galaxy, with Subaru BJ , r+, and i+ (red, blue, and green

respectively) images producing the colour map. For each galaxy, the Subaru

images were divided by the average Subaru image, and then multiplied by the

I−band image to preserve the flux ratios between the images, but also keep the

overall illumination. Finally the image was divided through by λ2 to enhance

the colour difference between star forming and passive galaxies. These pseudo-

colour images of the HST observed galaxies in COSMOS allowed GZ volunteers

to explore and classify high redshift galaxies, beyond our local universe, for the

first time. The redshift range of the galaxies roughly spanned z = 0.2 − 1.2,

although work within this thesis is typically limited to z = 1 for reasons that will

be discussed.

This third version of Galaxy Zoo ran from 2010 April 23 until 2012 Septem-

ber 10, attracting 86,520 individual volunteers who in turn provided 40,631,068

individual clicks. Like its predecessor, GZ2, volunteers were asked a series of

questions in an attempt to classify the finer structures of each galaxy (i.e. bars,

bulges, spiral arms). This was constructed in the form of a decision tree, shown

in Figure 2.2, whereby a volunteer is presented with a galaxy image and asked

‘Is the galaxy simply smooth and rounded with no sign of a disk? ’. The answer

to this and subsequent questions determines which path along the decision tree

is taken, with a visualisation of this tree and GZ volunteers classifications shown

in Figure 2.3.

Each GZ galaxy is viewed by several citizen scientists. In the case of GZH,

specifically the COSMOS galaxies used in this thesis, a minimum of 14 volunteers

view and classify each galaxy (median number of volunteers is 43; see Figure 2.4).
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Figure 2.2: Galaxy Zoo: Hubble decision tree, showing the initial question asked
to each volunteer for each randomly produced galaxy, and the subsequent route
of questioning asked. Blue rectangles show the question asked to a volunteer,
with the green ovals indicating the possible answers in each case. The red boxes
show answers that lead to the end of the questioning for the shown galaxy, which
results in the next random galaxy being shown, and the process begins again.
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Figure 2.4: Distribution of the number of classifications for each of the GZH
COSMOS galaxies. The vertical red dashed line shows the median number of
classifications (∼ 43) for the GZH COSMOS sample.
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The ‘clicks’ provided by each volunteer are combined to produce statistical mor-

phological classifications in the form of estimated likelihoods (p). These like-

lihoods are also weighted so that volunteers that continually disagree with the

majority of classifications are down-weighted, with this process rewarding con-

sistent volunteers. The construction of the estimated likelihoods and additional

weighting methods used in past GZ projects (which are similar to those used

here) are discussed in detail by Lintott et al. (2008); Lintott et al. (2011), the

appendix of Bamford et al. (2009), and Willett et al. (2013).

Throughout this thesis, all research that uses GZH data will make use of the

weighted estimated likelihood fractions for morphological features of each galaxy.

2.4 Comparing GZH morphological classifications

with those of ZEST

Here I compare the visually classified morphologies from Galaxy Zoo: Hubble

with a catalogue of computer based classifications made by the Zurich Estimator

of Structural Types (ZEST; Scarlata et al. 2006 - hereafter S06) program. This

comparison will provide insights into where the two methods tend to agree, and

where they differ, which I can use to inform about the challenges of obtaining

morphologies of high redshift galaxies.

2.4.1 The Zurich Estimator of Structural Types (ZEST)

The Zurich Estimator of Structural Types (ZEST) is a program designed to au-

tomatically classify the structure and morphology of galaxies. It was designed for

the Cosmic Evolution Survey (COSMOS; Scoville et al. 2007b). ZEST performs a

principal component analysis (PCA) of five non-parametric diagnostics of galaxy

structure;

1. The concentration (C) of the galaxy to quantify the central density of the

galaxy’s light distribution - C = 5 log(r80/r20)

2. The asymmetry (A) of the galaxy to determine the rotational symmetry of

its light distribution

3. The Gini coefficient (G), which describes how uniformly the galaxy’s flux

is spread across its pixels
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Figure 2.5: Figure 6 from S06 showing the fraction of galaxies with RC3 classifi-
cations that have ZEST classifications.

4. The second-order moment of the brightest 20% of the galaxy flux (M20).

For centrally concentrated objects, this correlates with C, but for others it

can be sensitive to off-centre bright knots of star formation

5. The ellipticity (ε) of the galaxy (measured by SExtractor)

Initially, ZEST finds five principal components (PCi, where i = 1 − 5), how-

ever, two of these have power that is lower than the variance expected for the

uncorrelated variables (i.e. < 20%). This leaves three PCs, which are used to

define three morphological types; 1) early-type (elliptical); 2) late-type (disk),

and 3) irregular. S06 also use single-Sérsic fits (from GIM2D) to define how disk

or bulge-dominated the type 2 disk galaxies are. In addition to this, ZEST pro-

vides information as to how elongated the galaxy is and how clumpy it is (except

for in the case of irregular galaxies). The full ZEST classifications are shown in

Table 2.1) (as shown in Table 2 of S06).
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To explore the morphologies of their PCA further, S06 run the same diagnos-

tics on a sample of 80 low redshift (z = 0) galaxies (from Frei et al. 1996). They

compute the fraction of objects with a given RC3 classification (which are based

on Hubble classifications; E, S0-Sab, Sb-Scd and Sd, and later) that have the

range of ZEST classifications, with these results shown in Figure 2.5. Whilst the

correlation of increasing ZEST type with later type galaxies is obvious, it is worth

noting that selection of galaxies by ZEST type may not be a clear cut method.

For example, to select a sample of early-type galaxies (E and S0 galaxies) it may

be necessary to include ZEST type 2.0 galaxies (bulge dominated disk galaxies),

as well as the expected ZEST type 1 galaxies.

2.4.2 Comparing Galaxy Zoo: Hubble and ZEST morpho-

logical classifications

Matching the ZEST and GZH samples

I first match the GZH catalogue of COSMOS galaxies (80,072 galaxies) with the

ZEST catalogue (131,532 galaxies) to produce a cross-matched sample of 77,655

galaxies. Of these galaxies, all have visual morphological classifications from

GZH, but 2,616 galaxies are without ZEST classifications. 1,961 of these unclas-

sified galaxies are deemed to be stars, 343 have flags identifying them as spurious

objects, with the remaining 312 galaxies have principal components measured,

but no classification given by ZEST. All 2,616 galaxies without ZEST classifica-

tions are removed from the sample, giving a final, uncut sample of 75,039 galaxies

(GZ-ZEST sample hereafter). The distribution of the GZ-ZEST sample in abso-

lute magnitude (MI) and redshift is shown in Figure 2.6. I note that, although we

are able to compare many morphological features with the ZEST classifications,

in the public dataset available to me1 the clumpiness measurements from ZEST

are not present for comparison.

After combining the datasets, I first look at the overall statistics for the galaxy

catalogue. Figure 2.7 shows how the GZ-ZEST sample is distributed across ZEST

types (top panel) and GZH pfeatures vote fractions (bottom panel), with increments

in each case shown as fractions of the whole sample.

If I first explore the ZEST type classifications in the top panel of Figure 2.7,

the most striking statistics is that ZEST classifies 84% of the GZ-ZEST sample as

1taken from http://irsa.ipac.caltech.edu/data/COSMOS/
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Figure 2.6: Magnitude-redshift diagram for the full GZ-ZEST sample shown by
the grey points. The absolute magnitude are from I−band ACS observations,
with the solid green line showing the magnitude limit for the sample (i < 24).
Specific redshift-magnitude bins used to compare classifications between ZEST
and GZH are illustrated by the red rectangles.
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being disk galaxies, with only 5% elliptical and 11% irregulars. Even if I consider

the suggestion from S06 that type 2.0 ZEST galaxies could be E or S0 galaxies,

the elliptical fraction remains low, at ∼ 11% of the total population.

If I compare these fractions to the GZH classifications in the bottom panel, the

distribution is skewed strongly towards the opposite end of the scale, with 83% of

GZ-ZEST galaxies having a visually smooth appearance (i.e. pfeatures < 0.5), and

thus only 17% having signs of features or a disk. If I use tighter constraints on

the volunteers’ responses to question 1 in the decision tree, such as classifying a

‘clean’ sample of smooth galaxies (pfeatures ≤ 0.2), and a ‘clean’ sample of featured

galaxies (pfeatures ≥ 0.8), I find that 39% of the population are smooth galaxies,

and only 4% are galaxies with features or a disk. At this stage, GZ does not

distinguish features (i.e. irregular) from disk galaxies. There is an option in GZH

to classify a galaxy as irregular later (one of seven options for an affirmative

answer to the final question in the GZH decision tree: ‘Is there anything odd?’,

shown in Figure 3.3), however it seems that other GZH answers (i.e. a disturbed

profile, clumps, a ring, dust lanes, etc) would also lead to a galaxy being classified

as irregular by ZEST.

If I just look at the answer of ‘irregular’ to the ‘Is there anything odd?’ ques-

tion, I find that 9% of galaxies who have had at least 10 volunteers answer

this question have pirregular ≥ 0.5, with this reducing to just 1% for those with

pirregular ≥ 0.8.

Comparing classifications over the last eight billion years

To investigate the GZ-ZEST cross-match, I will explore how ZEST types compare

to GZ disk/feature vote fractions (pfeatures) over the last eight billion years (0.2 <

z < 1.0).

I first split the GZ-ZEST sample into four galaxy types, based on their ZEST

classifications; early-types (ZEST type 1); bulge dominated disks (ZEST types

2.0 and 2.1); small and no bulge disks (ZEST types 2.2 and 2.3); and, irregulars

(ZEST type 3). To allow for fair, and useful comparisons (i.e. removing dim

galaxies, or those with low surface brightness), I split the GZ-ZEST sample into

three redshift bins (0.2 < z < 0.47; 0.47 < z < 0.73; 0.73 < z < 1.0), and

four absolute magnitude bins (−18.9 > MI > −19.6; −19.6 > MI > −20.3;

−20.3 > MI > −21.0; −21.0 > MI > −21.7). These bins are shown in Figure 2.6,

which illustrates the eight redshift-magnitude bins where the GZ-ZEST dataset
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Figure 2.7: Top panel shows the distribution of the fraction of all GZ-ZEST
galaxies across the range of ZEST classification types, ranging from type 1 (ZEST
early-type), through to type 3 (ZEST irregular). Bottom panel shows how the
GZ-ZEST sample is distributed across the full range of pfeatures values from GZH
classifications. Again, the distribution is shown as fractions of the whole GZ-
ZEST sample, ranging from 0 (GZH smooth galaxy), through to 1 (GZH galaxy
with obvious features).
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are investigated using the described criteria.

Figure 2.8 shows how each of the four ZEST types relate to pfeatures vote

fractions (with 0 being smooth galaxies, through to 1 being obvious disk/features)

across these eight magnitude-redshift bins, with the observed trends for each of

the ZEST samples described as follows:

ZEST early-type galaxies (red): I find that, for the two dimmest magnitude

bins (panels F, G, and H in Figure 2.8), the fraction of ZEST galaxies that are

early-types is ∼ 0 for all values of pfeatures values, barring a slight peak at the lower

pfeatures values (pfeatures < 0.3). This slight peak is also observed in the second

highest magnitude bin for higher redshift galaxies (panels D and E), with the

lowest redshift bin (panel C) for this magnitude bin showing a more pronounced

peak (∼ 30% of ZEST galaxies) at lower pfeatures values. This pronounced peak

is also observed in the brightest magnitude bin (panels A and B).

If I combine this information with the randomly selected images of ZEST

early-types across a matrix of redshift and pfeatures (Figure 2.9), it is clear that

there is a good agreement on what ZEST identifies as an early-type, and what GZ

volunteers classify as smooth. Whilst there are some outliers, Figure 2.9 shows

that the number of ZEST early-types with high pfeatures values make up a small

percentage of the ZEST early-type population in each redshift bin, typically only

a few percent for pfeatures > 0.6.

ZEST bulge dominated disk galaxies (orange): These galaxies show similar

trends across the full redshift-magnitude matrix, with the population remaining

constant for higher pfeatures values (pfeatures > 0.4), but peaking slightly at lower

pfeatures values. This peak may incorporate S0 galaxies, which are difficult to

distinguish visually from elliptical galaxies.

Figure 2.10 shows the random selection of ZEST bulge dominated disks in

the redshift-pfeatures matrix. Here, the majority of ZEST bulge dominated disks

are actually classified as smooth galaxies by GZ volunteers (0.4 < pfeatures), with

very few obviously featured galaxies having dominant bulges according to ZEST.

The images in Figure 2.10 show that ZEST bulge dominated disk galaxies with

low pfeatures could incorporate a population of S0 galaxies with extended, smooth

disks, which are visually smooth in appearance.

ZEST small and no bulge disks (blue): For panels D-H, these galaxies are the
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Figure 2.8: Comparison of ZEST types with pfeatures values over the last eight
billion years. The sample is split into in redshift-magnitude bins (illustrated in
Figure 2.6), with redshift increasing from left to right, and brightness of galaxies
increasing from bottom to top such that the top right graph is for the highest
redshift and brightest galaxies in this comparison (0.73 < z < 1.0 and −21.0 >
MI > −21.7). The GZ-ZEST sample is split into four galaxy types based on
their ZEST classifications; early-types (ZEST type 1; red); bulge dominated disks
(ZEST type 2.0 and 2.1; orange); small and no bulge disks (ZEST type 2.2 and 2.3;
blue); irregulars (ZEST type 3; green). The distribution of each of these galaxy
types is plotted as a fraction of the whole GZ-ZEST sample in δ0.1 bins of the
GZH pfeatures vote fraction, which ranges from 0 (smooth), through to 1 (obvious
disk and/or features). Each point also has 1σ error bars shown, although these
may be smaller than the data point in some cases.
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most numerous at all pfeatures values, with typically 60% of ZEST galaxies being a

disk with either a small bulge or no bulge present. The trend with pfeatures in each

of these panels is flat across all pfeatures values. For the brightest low redshift bin

(panel C), and the two highest redshift bins (panels A and B), there is a declining

fraction of these ZEST galaxies with decreasing pfeatures values, from ∼ 60% at

pfeatures = 1, down to ∼ 20− 30% at pfeatures = 0.

Figure 2.11 shows randomly selected images of ZEST disk galaxies that host

a small or no bulge. As observed with the bulge dominated ZEST disks, the

majority of small bulge and no bulge ZEST disks are found with lower pfeatures

values (0.4 < pfeatures). The images in Figure 2.11 clearly shows that these galaxies

are typically smooth disk-like galaxies, with no obvious features. Therefore, it is

not only GZ galaxies with obvious features that include disk galaxies, but also

some GZ smooth galaxies too .

ZEST irregular galaxies (green): In all panels, the fraction of all ZEST

galaxies that are classified as irregulars is low for smooth GZH classifications

(i.e. pfeatures<0.4), with this fraction of the GZ-ZEST galaxies increasing towards

higher pfeatures values. This increase indicates that GZ volunteers identify ZEST

irregular galaxies as those with features.

The selection of random images of ZEST irregulars in Figure 2.12, shows that

these galaxies span the whole range of pfeatures values. Despite this, the majority

of the population is found in the mid range of pfeatures (i.e. 0.2 < pfeatures < 0.8).

For the images shown in Figure 2.12, it is not always obvious as to why ZEST

identifies a galaxy as irregular.

Comparison with the Melvin et al. galaxy sample

I now compare the ZEST classifications with a well defined, published GZH sam-

ple. This sample, which I used for Melvin et al. (2014), combines morphological

classifications from Galaxy Zoo: Hubble with photometric and spectroscopic data

from the COSMOS survey. The selection criteria chosen for this sample produced

a volume limited sample of face-on disk galaxies (required so that stellar bars can

be identified by GZ users) that are unaffected by potential surface brightness

dimming and poor resolution problems (see Section 3.3.2). The criteria for this

sample of galaxies is as follows (see Section 3.2.4 for a more detailed reasoning

behind the criteria);
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Figure 2.9: Randomly selected postage stamp images of ZEST early-type galaxies
(i.e. ZEST type 1 galaxies). The images increase in pfeatures from left to right along
the x-axis in δ0.2 bins [0.0 − 0.2; 0.2 − 0.4; 0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0], and
increase in redshift from bottom to top along the y-axis in δ0.2 bins [0.2 − 0.4;
0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0; 1.0 − 1.2]. The number in the top left of each
image provides the percentage of ZEST early-types in the illustrated pfeatures bin
for each epoch explored (i.e. 43.4% of ZEST early-types at z = 0.2 − 0.4 have
0.0 < pfeatures < 0.2). Each of the redshift bins are mass limited, with the limits in
each bin [log(M?/M� ≥ 8.8; 9.3; 9.7; 10.0; 10.2] taken from Bundy et al. (2010).
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Figure 2.10: Randomly selected postage stamp images of ZEST bulge dominated
disk galaxies (i.e. ZEST types 2.0 and 2.1 galaxies). The images increase in
pfeatures from left to right along the x-axis in δ0.2 bins [0.0−0.2; 0.2−0.4; 0.4−0.6;
0.6− 0.8; 0.8− 1.0], and increase in redshift from bottom to top along the y-axis
in δ0.2 bins [0.2 − 0.4; 0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0; 1.0 − 1.2]. The number in
the top left of each image provides the percentage of ZEST bulge dominated disk
types in the illustrated pfeatures bin for each epoch explored (i.e. 40.9% of ZEST
bulge dominated disk galaxies at z = 0.2− 0.4 have 0.0 < pfeatures < 0.2).Each of
the redshift bins are mass limited, with the limits in each bin [log(M?/M� ≥ 8.8;
9.3; 9.7; 10.0; 10.2] taken from Bundy et al. (2010).
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Figure 2.11: Randomly selected postage stamp images of ZEST small and no
bulge late-types (i.e. ZEST types 2.2 and 23). The images increase in pfeatures

from left to right along the x-axis in δ0.2 bins [0.0 − 0.2; 0.2 − 0.4; 0.4 − 0.6;
0.6− 0.8; 0.8− 1.0], and increase in redshift from bottom to top along the y-axis
in δ0.2 bins [0.2−0.4; 0.4−0.6; 0.6−0.8; 0.8−1.0; 1.0−1.2]. The number in the top
left of each image provides the percentage of ZEST small and no bulge disk types
in the illustrated pfeatures bin for each epoch explored (i.e. 40.7% of ZEST disk
galaxies with a small or no bulge at z = 0.2− 0.4 have 0.0 < pfeatures < 0.2).Each
of the redshift bins are mass limited, with the limits in each bin [log(M) > 8.8;
9.3; 9.7; 10.0; 10.2] taken from Bundy et al. (2010).
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Figure 2.12: Randomly selected postage stamp images of ZEST irregular type
galaxies (i.e. ZEST type 3 galaxies). The images increase in pfeatures from left to
right along the x-axis in δ0.2 bins [0.0−0.2; 0.2−0.4; 0.4−0.6; 0.6−0.8; 0.8−1.0],
and increase in redshift from bottom to top along the y-axis in δ0.2 bins [0.2−0.4;
0.4− 0.6; 0.6− 0.8; 0.8− 1.0; 1.0− 1.2]. The number in the top left of each image
provides the percentage of ZEST irregular types in the illustrated pfeatures bin for
each epoch explored (i.e. 13.7% of ZEST irregular types at z = 0.2 − 0.4 have
0.0 < pfeatures < 0.2).Each of the redshift bins are mass limited, with the limits in
each bin [log(M?/M� ≥ 8.8; 9.3; 9.7; 10.0; 10.2] taken from Bundy et al. (2010).
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Figure 2.13: Comparison between ZEST types and GZH pfeatures vote fractions
for the Melvin et al. (2014) disk sample across three redshift bins. The GZ-ZEST
sample is split into four galaxy types based on their ZEST classifications; early-
types (ZEST type 1; red); bulge dominated disks (ZEST type 2.0 and 2.1; orange);
small and no bulge disks (ZEST type 2.2 and 2.3; blue); irregulars (ZEST type 3;
green). The distribution of each of these galaxy types is plotted as a fraction of
the whole GZ-ZEST sample in δ0.1 bins of the GZH pfeatures vote fraction, which
ranges from 0 (smooth), through to 1 (obvious disk and/or features). Each point
also has 1σ error bars shown, although these may be smaller than the data point
in some cases. The data points are slightly staggered to allow the reader to view
the 1σ data points that have been applied.

• 0.4 ≤ z ≤ 1.0

• log(M?/M�) ≥ 10

• psmooth ≥ 0.5

• pnot−edgeon ≥ 0.5

• pnot−clumpy ≥ 0.5

• inclination [log(a/b)] ≤ 0.3

• pmerger ≤ 0.65 with a minimum of 18 volunteers answering the Is there

anything odd? question (final question of the GZH decision tree - Figure 3.3)

Applying these criterion to the GZH dataset produces a final sample of 2,380

face-on disk galaxies, of which 317 host a barred structure (pbar ≥ 0.5). 2,351 of

these galaxies have published ZEST classifications, with 313 hosting bars.

Of the 2,351 GZH disk galaxies, I find that 1,891 (81%) have a ZEST type 2

classification (i.e. a disk morphology) Dissecting this further, and using the same

criteria as previously (where bulge dominated disks are a combination of type
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Figure 2.14: Top row: Postage stamp images of ZEST early-type galaxies (i.e.
ZEST type 1) from the GZH disk sample. Bottom row: Postage stamp images
of ZEST irregular galaxies (i.e. ZEST type 3) from the GZH disk sample.

2.0 and 2.1 galaxies, and small and bulgeless disks are types 2.2 and 2.3), I find

that 707 (30%) GZH disks are classified as bulge dominated by ZEST, and 1,184

(50%) as disk galaxies with a small or no bulge. Of the remaining 460 galaxies,

118 (5%) are ZEST early-types and 327 (14%) ZEST irregulars (with 15 being

unclassified by ZEST). Examples of GZH disk galaxies with ZEST type 1 and 3

classifications are shown in Figure 2.14.

As I found with my exploration of the whole sample, for the GZH disk galaxy

sample, I find little correlation between ZEST type and pfeatures value (see Fig-

ure 2.13). ZEST classifies the majority of COSMOS galaxies as disk galaxies,

all comparisons show an overwhelming fraction of galaxies being either bulge

dominated or disks having a small or no bulge. With the GZH disk sample, the

majority of galaxies are classified as disk galaxies with a small or no bulge at all

redshifts.

For the handful of galaxies classified as early-type by ZEST, Figure 2.13 shows

that the majority of these are found in the lower redshift bin (0.4 ≤ z < 0.6),

with very few making up the galaxy population at higher redshifts. For galaxies

with irregular classifications from ZEST, the fractions of the whole population

made up by these galaxies remains fairly constant. The trend of irregular galaxies

having higher pfeatures values seen in the whole sample, is less apparent in the GZH

disk sample.
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2.4.3 Conclusions from the GZ-ZEST sample

The comparison of GZH classifications, in terms of whether a galaxy is either

smooth or has obvious features, with galaxy types derived from ZEST provides

a useful insight into both what is in the ZEST subcatagories, and what is meant

by GZ pfeatures values, which range from pfeatures = 0 (smooth) to pfeatures = 1

(obviously featured). I will discuss here the overview of what the GZ-ZEST

sample informs us in terms of visually classifying galaxies for each of the pre-

defined ZEST galaxy types.

ZEST early-type galaxies: ZEST early-types correlate well with low pfeatures

values (i.e. smooth GZH galaxies). The majority of ZEST early-types are smooth,

and are identified as such by GZ volunteers.

There are a few cases whereby a galaxy with features, as identified by GZ

volunteers, is included in the ZEST early type sample. For example, 5% of the

Melvin et al. (2014) GZH disk sample are identified as ZEST early-type galaxies.

Figure 2.9 shows that these ZEST early-types with high pfeatures values tend to

be red disks, with large bulges.

Overall, the comparison with ZEST provides evidence that GZ volunteers

identify early-type (i.e. elliptical) galaxies as smooth galaxies in the GZH sample.

ZEST bulge dominated disk galaxies: The distribution of bulge dominated

ZEST disks across pfeatures as a fraction of the overall population is fairly flat

for higher pfeatures values across the full redshift-magnitude spectrum explored.

Towards lower pfeatures values (pfeatures < 0.4), this ZEST type exhibits an upturn.

Combining this observation with the images shown in Figure 2.10 offers two

suggestions:

1. ZEST appears to classify small elliptical galaxies as a dominant bulge within

a disk galaxy.

2. GZ volunteers identify disk galaxies with large bulges but no features as

having no features. This means that GZ volunteers are unable to distinguish

elliptical galaxies from these galaxy types.

The images from Figure 2.10 for low pfeatures values highlights that these galax-

ies tend to be small in angular size, with the possibility that any outer disk is

to faint to be observed. With this in mind, it is difficult to conclude whether
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it is one, or a combination of both of these problems that lead to a difficulty in

classifying these small, yet centrally bright galaxies.

ZEST small and no bulge disk galaxies: I find that the ZEST disks with a

small or no bulge exhibit a roughly flat distribution across all pfeatures values for

the majority of redshift-magnitude bins explored. There are exceptions to this for

the brightest and highest redshift bins (panels A, B, and C), where the fraction of

GZ-ZEST galaxies that have a small or no bulge declines steadily towards lower

pfeatures values.

Whilst the drop off at lower pfeatures values is expected, as ZEST disks should

be classified as having a disk or obvious features by GZ volunteers, the increasing

fraction of the ZEST small and no bulge population with low pfeatures values (given

in Figure 2.11) is unexpected, and large. The images in Figure 2.11 suggest that

the ZEST small and no bulge disk galaxies are indeed disk-like for the most

part. These galaxies tend to be either edge-on, or face-on with no features, with

the chance that any outer disk may be unobservable due to surface brightness

dimming.

The comparison of GZH classifications with ZEST for ZEST small and no

bulge disks suggests that GZ volunteers identify featureless disks (face-on and

edge-on) as smooth galaxies, therefore they cannot be distinguished from ellip-

ticals by GZ morphological likelihoods. This is illustrated in Figure 2.15, which

shows a visualisation for a galaxy classified as smooth by GZ volunteers, despite

the galaxy appearing to be disk-like.

ZEST irregular galaxies: It is clear that galaxies identified as irregular by

ZEST tend to have observable features according to GZ volunteers. The majority

of ZEST irregular galaxies have pfeatures values in the mid range (0.2 < pfeatures <

0.8), but they make up around one fifth of the GZ-ZEST population at higher

pfeatures values (see Figure 2.8).

The images in Figure 2.12 show that some ZEST irregulars truly are irregular,

with either evidence of a recent merger or the galaxy being made up of a chain

of clumps. However, the images also show galaxies that do not look irregular

by eye. Furthermore, those galaxies that do exhibit irregular morphology could

also be classified as disk-like, as well as irregular if more than one morphological

description was available.
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2.5 Summary

In this chapter, I began by describing the sample of galaxies predominantly

used in thesis, which are Hubble Space Telescope observations of higher redshift

(z = 0.2−1.0) galaxies in the COSMOS field. In Section 2.3, I discussed how the

visual classifications of many citizen scientists are combined to form morphologi-

cal classifications of the COSMOS galaxy sample. This was done through a web

interface for the Galaxy Zoo project, with classifications from the third version

(Galaxy Zoo: Hubble) predominantly used in this thesis. Once the morphological

sample had been described, I then compared the GZH classifications with those

from the Zurich Estimator of Structural Types (ZEST; Scarlata et al. 2006), and

algorithm that provides morphological classifications.

From this comparison, I find that galaxies classified as early types by ZEST are

classified as smooth galaxies by GZ volunteers, whilst ZEST irregular galaxies are

classified as galaxies with obvious features by GZ volunteers. For all ZEST late

type galaxies (i.e. disk galaxies), the classifications provided by GZH likelihoods

depends on whether features can be seen. In the case of bulge dominated (most

likely S0) galaxies, with no obvious substructural features or spiral arms, a smooth

classification is given by GZH morphological likelihoods. Similarly, for galaxies

with no obvious bulge, but no obvious features, a GZ morphological classification

of a smooth galaxy is given, as these types of disk galaxies appear visually smooth.



Chapter 3

Bar fractions up to z=1

This work was carried out in collaboration with members of the Galaxy Zoo science

team, and is published in Melvin et al. (2014), with the title: Galaxy Zoo: an

independent look at the evolution of the bar fraction over the last eight billion

years from HST-COSMOS. Additionally, Section 3.4.4 has been specifically added

for this thesis. I was the lead author. I produced all the data analysis, results and

discussion used within this chapter, as well as leading the final write-up of the

paper.

3.1 Introduction

A variety of physical processes act to change the morphologies of galaxies over

their lifetimes, from being hot, clumpy and flocculent in the high-redshift Uni-

verse (Elmegreen et al., 2009), to dynamically cool, disk-dominated spiral galaxies

(Weiner et al., 2006; Kassin et al., 2007; Sheth et al., 2012) and, in some cases, to

lenticular or elliptical galaxies in the local Universe. These processes are either

external or internal to the galaxy in question.

Across the epoch explored in this chapter (z < 1), slower and often internally

driven processes become more important to the evolution of galaxies. These

processes are often dependent on the host galaxy’s properties, e.g. the shape

of its dark matter halo, its stellar mass or its gas content (see Sellwood 2013

and references therein for examples). This calmer period of evolution affects the

evolution of massive, well formed disk galaxies in the local Universe and is often

referred to as the ‘secular epoch’. In this chapter, I study the cosmic evolution of

one of the major drivers of secular evolution in disk galaxies: the formation and

67
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evolution of barred stellar structures since z = 1.

Understanding whether the bar fraction evolves across cosmic time-scales is

important. Typically, bars tend to form in galaxies that have become relaxed,

cool and disk dominated, as I discussed in detail in Chapter 1. As bars are

typically long lived structures, the presence of a barred structure can be used as

a tracer for when disk galaxies become dynamically stable and ‘mature’. Once

a disk galaxy reaches this dynamically relaxed state, in the absence of external

influences, secular processes begin to dominate its evolution.

The work in this chapter complements and expands the work of S08, with

our observations exploring the redshift evolution of the bar fraction over a wider

range of redshifts, and extending to higher redshifts (0.4 ≤ z ≤ 1.0), as well as

exploring its dependence on stellar mass [log(M?/M�) > 10.0].

I begin this chapter by describing the Cosmic Evolution Survey (COSMOS;

Scoville et al. 2007b), and how photometric and spectroscopic data from this sur-

vey is combined with visual morphological classifications from Galaxy Zoo: Hub-

ble (GZH)1. In Section 3.3.2 I will explore potential biases that may be present

in the galaxy sample selected. I present our results in Section 3.4.4, followed by

a discussion in Section 3.5.2. Finally, I finish with a summary and conclusions in

Section 3.6.

3.2 Data & sample

3.2.1 COSMOS

We provide a brief summary of the observational photometric and spectroscopic

data obtained by COSMOS and the selection criteria we apply. A more detailed

discussion of COSMOS and the HST imaging can be found in Scoville et al.

(2007a,b).

The COSMOS survey observed galaxies using the HST Advanced Camera

for Surveys (ACS) F814W (I -band) filter over a 2 deg2 equatorial field. With

its excellent spatial resolution (0.05 arcsec/pixel), the ACS is able to observe

structures with radii smaller than 1 kpc up to redshifts of z = 1. This resolution

is ideal for detecting galactic bars, whose typical lengths in the local Universe are

in excess of 2 kpc (Elmegreen & Elmegreen, 1985; Barazza et al., 2008; Aguerri

1hubble.galaxyzoo.org
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et al., 2009; Hoyle et al., 2011) (also see Sheth et al. 2003; Menéndez-Delmestre

et al. 2007 and section 2 of S08 for an alternative discussion of bar resolution

using the ACS). Initial ACS observations were followed up with observations

from a wide range of telescopes, which provided additional data across 16-30

different wave-bands for each galaxy (Scoville et al., 2007b; Capak et al., 2007;

Ilbert et al., 2009).

In addition to the imaging, a follow-up spectroscopic survey (zCOSMOS; Lilly

et al. 2007) provided spectroscopic redshifts for a fraction of galaxies detected in

COSMOS (12% of Galaxy Zoo COSMOS galaxies are included). The remaining

galaxies have photometric redshifts taken from Ilbert et al. (2009). For detailed

discussions of the spectroscopic and photometric redshifts used in this chapter,

see Lilly et al. (2007) and Ilbert et al. (2009) respectively, while Griffith et al.

(2012) provide a useful summary of this information for the COSMOS galaxies

used in GZH (see section 2.3.2 of Griffith et al. 2012).

We apply the redshift range 0.4 ≤ z ≤ 1.0 to our COSMOS galaxies. The

lower limit is chosen so that the HST imaging resolves structures of similar size

to those observed in the Sloan Digital Sky Survey (SDSS) Main Galaxy Sample

(Strauss et al., 2002) at z ∼ 0.1 (see Section 3.2.3). We note that SDSS imag-

ing can resolve structures on scales of 2.2 kpc at z = 0.04 (approximately the

mid-redshift point of the low-redshift sample; see Section 3.2.3), while the ACS

minimum resolution ranges from 1.3 kpc at z = 0.4 to 2 kpc at z = 1. Therefore,

despite large differences in angular resolutions, the surveys are well matched in

physical resolution and are able to observe all large-scale barred structures in

their respective redshift ranges.

The upper redshift limit is set not by the constraints of resolution, but by

band shifting. Figure 3.1 highlights this effect on the ACS F814W filter, showing

it shifting bluewards across the rest-frame SDSS ugriz filters as the redshift

increases. Identification of bars in the bluest and/or UV wavelengths is known

to be hampered by the effects of clumpy star formation hiding the smooth bar

structure, with bars also becoming dimmer in these bands due to being dominated

by older stellar populations. S08 demonstrated this effect, showing a reduction in

bar identification in the SDSS u-band filter relative to the griz filters (see their

Figure 7 in Appendix A1; this was especially a problem when using an ellipse

fitting method to identify bars). In this study we do begin to probe the rest-frame

u-band, but even at our highest redshift (z = 1), 52% of the light gathered in the
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Figure 3.1: Band shifting effects of the ACS F814W (I-band) filter across the
rest-frame SDSS ugriz filters (grey). The F814W filter is traced from z = 0
(black) through to z = 1.0 (green). We also show the lower redshift limit of our
sample (blue) and the upper limit applied in S08 (red). All filters shown use
throughput values with atmosphere, optics and detector effects included. This
figure is based on figure 8 of S08, and is reproduced here for the benefit of the
reader.
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Figure 3.2: Distribution of stellar masses versus redshift for all visually classified
face-on disk galaxies imaged by COSMOS over the redshift range 0.4 ≤ z ≤ 1.0.
Bold horizontal line shows the mass limit [log(M?/M�) ≥ 10.0] applied to the
main sample selection.

F814W band is above the 4000Å break (bars become difficult to detect bluewards

of this break). Therefore, despite partly probing the rest-frame u-band, we are

still predominantly probing the rest-frame g-band, where there is no depreciation

in bar detection. We expect to detect all strong bars that are present within

the full redshift range we explore (0.4 ≤ z ≤ 1.0), but if we exclude galaxies at

z > 0.84, our main conclusions are unaffected.

In addition, we apply the following stellar mass limit to our data: log(M?/M�) ≥
10, as shown in Figure 3.2. Although we apply the same mass limit at all redshifts,

this is consistent with exploring disk galaxies from the same area of the stellar

mass function distribution at all redshifts, as M∗ does not evolve significantly

across the redshifts we explore (Bundy et al., 2006; Ilbert et al., 2010, 2013). The

stellar mass estimates used here are taken from Mobasher et al. (2007), who use

the following relationships to estimate colour-dependent mass to light ratios;
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log(M?/M�) = M/LV − 0.4(MV − 4.82), (3.1)

where LV is the V−band luminosity, MV is the absolute V−band magnitude,

and M/LV is the mass to light ratio in the V−band calculated by;

M/LV = −0.0628 + 1.305(B − V )0, (3.2)

which is taken from Bell et al. (2005). Here (B − V )0 is the rest-frame colour

corrected for extinction. The stellar masses are calculated using a Salpeter IMF

(0.1M� < M < 100M�), with an expected error of less than 0.5 dex (see section

6.1 of Mobasher et al. 2007 for details of the stellar masses used in this chapter).

We also note that these stellar masses are the same as those used in S08. The

mass limit is applied so that the low-mass galaxies explored are detectable across

the whole redshift range.

3.2.2 Galaxy Zoo: Hubble

Running from 2010 April 23 until 2012 September 10, Galaxy Zoo: Hubble (here-

after GZH) was the third incarnation of the Galaxy Zoo project (GZ), and the

first to show images from the HST. During this time, GZH attracted 86,520 in-

dividual volunteers who in turn provided 40,631,068 individual clicks.

To classify a galaxy, a volunteer is first shown a randomly selected image

of a galaxy and is asked; (1) is the galaxy simply smooth and rounded with no

sign of a disk? Their answer to this question determines any further questions

they are asked about each galaxy, with the GZH decision tree used in this work

being an updated version of the decision tree used in Galaxy Zoo 2 (Willett et al.

2013, hereafter W13). We show an edited version of the GZH decision tree,2

in Figure 3.3, which shows that a volunteer who answers ‘no’ to questions 1-3

(as numbered in Figure 3.3) classifies a galaxy as being a face-on disk galaxy.

Furthermore, a volunteer who answers question 4 with ‘yes’ classifies said galaxy

as barred.

As each galaxy is viewed by many volunteers (the minimum number of vol-

unteers that classify a galaxy is 33, with the median number of volunteers being

47), the clicks provided by each volunteer are combined with those made by

other volunteers to produce morphological classifications for each galaxy, which

2The full GZH decision tree can be seen at http://data.galaxyzoo.org/GZH/images/GZ HST.jpg.
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Figure 3.3: Edited GZH decision tree3. Questions shown are relevant to producing
the GZH disk and barred disk samples.
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are represented by ‘vote fractions’, i.e. the fraction of volunteers answering a

given question positively. These vote fractions, or estimated likelihoods (p), are

constructed via a weighting scheme where volunteers whose individual classifi-

cations tend to disagree with the majority are downweighted. This weighting

rewards consistency and removes outliers. An in-depth discussion of the original

GZ project, including how volunteers’ classifications are weighted and combined,

is provided in Lintott et al. (2008), the appendix of Bamford et al. (2009) and

Lintott et al. (2011). This method was repeated for GZ2 in W13, with similar

methods applied to the GZH classifications.

To determine whether a galaxy is a face-on disk, we apply a minimum thresh-

old of p ≥ 0.5 for questions 1-3 (Figure 3.3). In explicit terms, we require the

following: pnot−smooth ≥ 0.5; pnot−clumpy ≥ 0.5; pnot−edgeon ≥ 0.5. The threshold

chosen (p ≥ 0.5) for each of the questions posed is a compromise between the

sample size and its purity. A higher threshold (say p ≥ 0.7) would offer a purer

but smaller sample. Conversely, a lower threshold (say p ≥ 0.3) would increase

the sample size, but at the expense of including more uncertain classifications.

In addition to our threshold criteria, we apply an inclination cut similar to those

used in other studies of bars [log(a/b) ≤ 0.3]3, as well as removing any galaxies

that are obviously merging (pmerger ≥ 0.65 with a minimum of 18 volunteers an-

swering the Is there anything odd? question). This produces the final sample size

of 2380 face-on disk galaxies. Hereafter, our face-on disk sample is referred to as

our “GZH sample”.

Finally, to classify a GZH disk galaxy as barred, we apply the same threshold

used in questions 1-3 to question 4; pbar ≥ 0.5, with a median of 29 volunteers

having answered question 4. This criterion gives a sample of 317 barred disk

galaxies (fbar = 13.3 ± 0.7% for whole sample), which will be referred to as our

‘barred GZH sample’ herein. A selection of images of the GZH and barred GZH

samples are shown in Figure 3.44.

We explore the effects of using different thresholds in Appendix 3.4.3, finding

that they vary the absolute value of the bar fraction at all redshifts, but do not

significantly change the trends we observe. Additionally, when exploring lower

thresholds for pnot−smooth, the trend we observe remains robust.

3Semi-major and semi-minor axis are measured using SExtrac-
tor and are taken from the COSMOS 2005 morphology catalog -
http://irsa.ipac.caltech.edu/data/COSMOS/datasets.html

4Images of the full sample are available at http://data.galaxyzoo.org/.
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We note that the bars observed in this chapter are observed across the griz

bands in the rest-frame, where there is no depreciation in bar detection (S08).

Furthermore, as pseudo colour images are used (from Suburu observations), fea-

tures, such as the bar, should become more enhanced than for the original single

filter (F814W) ACS images.

3.2.3 Local comparison sample

We make use of a low-redshift sample of disk galaxies as a comparison set for our

GZH sample. We use classifications from Galaxy Zoo 2 (GZ2)5 (W13), specifically

the GZ2 disk sample, which was used to explore trends of the bar fraction with

galaxy properties in our local Universe (Masters et al., 2011; Masters et al., 2012)

[hereafter M12]. Here, we use the revised sample from M12, which was based on

the final GZ2 classifications. We briefly discuss how this sample was compiled; a

more detailed description can be found in Masters et al. (2011) and M12.

The GZ2 disk galaxy catalogue is based on bright (r < 17) galaxies from the

SDSS Main Galaxy Sample (Strauss et al., 2002). These were used in the second

GZ phase that ran from 2009 to 2010. A volume limit (0.017 < z < 0.06; Mr <

−20.15) was applied, as well as an inclination cut (log(a/b) < 0.3). Each of these

galaxies was visually classified in GZ2, with a median number of 45 independent

classifiers for each galaxy. The decision tree used in GZ2 to determine the disk

galaxy sample is similar to that used for the GZH sample, with the main difference

relevant to this study being the omission of the question: ‘does the galaxy have a

mostly clumpy appearance? ’. M12 applied a threshold of p ≥ 0.5 for each question

to define the face-on disk and barred disk galaxies. This produced a final sample

of 15,292 disk galaxies (GZ2 sample hereafter), with an overall bar fraction of

26.2± 0.4%.

M12 compared the GZ2 classifications with those from Nair & Abraham

(2010). Using a cross-matched sample of 3,638 disk galaxies, M12 conclude that

disk galaxies with a pbar ≥ 0.5 (as used in Masters et al. 2011, and M12) cor-

responded to strong bar classifications made by Nair & Abraham (2010). M12

also found reasonable agreements with strong bar classifications made by de Vau-

couleurs et al. (1991) and Barazza et al. (2008). Similarly, when comparing GZ2

bar classifications with those made by the Extractions de Formes Idéalisées de

Galaxies en Imageriem (EFIGI) group (Baillard et al., 2011), W13 conclude that

5http://zoo2.galaxyzoo.org/
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Figure 3.4: Postage stamp images showing six unbarred galaxies from our GZH
sample (images a − f) and six barred galaxies from our GZH sample (images
g− l). The images are organized in ascending redshifts for each sample, with the
redshift and weighted estimated likelihood from GZ classifications that the galaxy
hosts a barred structure (pbar) shown in the bottom right hand corner. These are
images taken by ACS in the F814W band, with additional Subaru BJ , r+ and i+

images added to produce the pseudo-colour images shown (Griffith et al., 2012).
See Figure 3.9 for examples at intermediate pbar values.
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GZ2 classifications are excellent for identifying strong bars in disk galaxies, but

may miss shorter bars.

We use these comparisons, along with the fact that the physical resolution

of the HST and SDSS images are comparable within their respective redshift

ranges, to argue that our selection of pbar ≥ 0.5 from GZH classifications may be

interpreted as an identification of a strong bar in the observed galaxy. Here we

describe a strong bar as being one which is easily identifiable in its host galaxy.

Here, we carefully review the make-up of our GZH and GZ2 disk samples to

avoid confusion with comparisons with other disk, spiral or late-type selections

based on GZ morphologies. The disk galaxy selections presented herein possibly

include a fraction of early-type disk galaxies (Sa or S0), which would normally be

included in a majority of early-type samples selected by either colour, or central

concentration. This results in our diverse disk galaxy samples showing bimodality

in their optical colour magnitude. However, other GZ samples that were more

focused on late-type disks or spiral galaxies (Sb, Sc or later) can be constructed

using the Galaxy Zoo 1 ‘clean’ spiral criterion, as first discussed in Land et al.

(2008), and most recently used in Schawinski et al. (submitted). This can also be

achieved by applying stricter limits in GZ2/GZH data. This more conservative

late-type sample will be more dominated by ‘blue cloud’ spirals and thus show

less bimodality of their galaxy properties.

3.2.4 Stellar mass subsamples

It is now understood that the bar fraction in disk galaxies depends on the stellar

mass distribution of the sample (e.g. Nair & Abraham 2010). Figure 3.5 shows

the dependence of bar fraction on stellar mass for our GZH sample across three

redshift bins: 0.4 ≤ z < 0.6 (blue); 0.6 ≤ z < 0.8 (black); 0.8 ≤ z ≤ 1.0 (red).

We also include z ∼ 0.1 data from the GZ2 sample (green). In each of the GZH

redshift bins we observe increasing bar fractions towards higher stellar masses,

with this trend also seen in the GZ2 sample.

We split the GZH (and GZ2) sample into three stellar mass subsamples, each

containing approximately the same number of galaxies. These mass cuts are

shown as vertical dashed lines in Figure 3.5. In detail, the subsamples are:

1. Low mass: Galaxies having stellar masses, 10.0 ≤ log(M?/M�) < 10.34.

For the GZH sample this contains 789 disk galaxies (3782 in the GZ2 sample).

2. Intermediate mass: Galaxies having stellar masses 10.34 ≤ log(M?/M�) <
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Figure 3.5: Bar fraction versus stellar mass for three redshift bins; 0.4 ≤ z < 0.6
(blue), 0.6 ≤ z < 0.8 (black) and 0.8 ≤ z ≤ 1.0 (red). We also show the GZ2 disk
galaxy sample (green). Vertical dashed lines show the mass limits that define our
three GZH subsamples.



CHAPTER 3. BAR FRACTIONS UP TO Z=1 79

10.64, which represents the typical transitional mass between the blue cloud and

red sequence in the local Universe (Kauffmann et al., 2003; Baldry et al., 2004).

For the GZH sample this contains 801 disk galaxies (4384 in the GZ2 sample).

3. High mass: Galaxies with masses log(M?/M�) ≥ 10.64. In the local

Universe disk galaxies with these masses are significantly more likely to be found

on the red sequence (e.g. Masters et al. 2010). For the GZH sample this contains

790 disk galaxies (2995 in the GZ2 sample).

We note that at typical star formation rates (SFR) of 1-2 M�/yr (at z = 1)

a disk galaxy could gain extra stellar mass totalling up to ∼ 1010M� over the 8

Gyr from z = 1 to z ∼ 0. This could move some of the lowest mass galaxies at

z ∼ 1 into the intermediate-mass bin by z ∼ 0, as well as moving some of the

intermediate-mass galaxies into the high-mass bin by z ∼ 0. However, this mass

growth will have a negligible effect on the high-mass galaxies.

3.3 Redshift-dependent biases

To ensure that any conclusions based on our sample are reliable, we must first

explore any potential redshift-dependent biases that may affect our results. Our

final result is based on the trends of bar fraction in the sample of disk galaxies,

so we must determine whether we can detect bars in all galaxies across the whole

redshift range, particularly for galaxies with smaller radii (addressing the numer-

ator in our bar fraction measurement). We must also explore whether surface

brightness dimming affects a GZH volunteer’s ability to classify a galaxy as disk-

like, especially towards higher redshifts (i.e. the denominator of the bar fraction

measurement).

As our work and that of S08 both use the same imaging data, we point the

reader to the extensive discussion by S08 of the impact of selection effects (their

appendices A1-A4). Much of the discussion in these appendices is directly appli-

cable to this work, with the exception of A2. This section explores the possible

inclusion of objects with peculiar morphology affecting the bar fraction when

using ellipticity and position angle information to determine morphological clas-

sifications, which is not relevant for our sample of visually selected disk galaxies.

We note that the effects of band shifting across this redshift range have already

been discussed in Section 3.2.1.
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Figure 3.6: Potential biases in the GZH sample. The GZH sample is split into
three redshift bins; 0.4 ≤ z < 0.6 (blue), 0.6 ≤ z < 0.8 (black) and 0.8 ≤ z ≤ 1.0
(red). Top – the bar fraction as a function of half-light radius (kpc) for each of
these bins with a minimum of 15 disk galaxies required for a data point to be
shown. Bottom – the bar fraction as a function of surface brightness.
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3.3.1 Spatial resolution

As the ACS is capable of resolving all structures larger than 2 kpc across our

specified redshift range (see Section 3.2.1), we are confident that all large-scale

bars should be detectable in our GZH sample. In the local Universe, bars smaller

than 2 kpc in massive disk galaxies are classified as nuclear bars (Erwin, 2004),

which are not the bars we are concerned with in this study. Additionally, in their

appendix A4, S08 find there is little change in the median disk scale length for

their sample of disk galaxies up to z ∼ 1 (also see Ravindranath et al. 2004;

Barden et al. 2005; Sargent et al. 2006). They conclude the lack of change in the

size of disk galaxies over this redshift range should therefore mean that the sizes

of bars will also remain unchanged.

Following S08 (A4), we explore the effects of resolution further by examining

how the bar fraction of GZH sample depends on disk galaxy size (Figure 3.6, top)

in three redshift bins (0.4 ≤ z < 0.6; 0.6 ≤ z < 0.8; 0.8 ≤ z ≤ 1.0). If bars were

missing in smaller galaxies due to problems with resolution, we should observe

this effect in a trend of decreasing fbar for the smallest galaxies, and specifically

this should be largest in the highest redshift bin. In fact, the data show that for

the low- and intermediate-redshift bins we see a declining bar fraction towards

larger disk galaxies, while the high-redshift bin shows little change in the bar

fraction across all galaxy sizes.

Finally, we also explored the redshift evolution of the bar fraction in three

angular size bins, finding that our overall result (see Section 3.4.1) is observed in

all three bins.

We conclude that the effects of resolution do not cause large-scale bars to be

lost in any size of galaxy. Therefore, an inability to detect and classify bars does

not bias our final results.

3.3.2 Surface brightness

Surface brightness dimming has the potential to have a significant impact as it

evolves strongly with redshift. It may cause disk galaxies to be missing from the

sample entirely, or to be misclassified either as ‘smooth’ galaxies (in the language

of GZH), or potentially in the case of barred galaxies as inclined disks (if the

outer disk fades leaving only the bar visible).
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S08 (see their A3) investigate the ability of COSMOS imaging to trace the

outer disks of galaxies as a function of redshift in an attempt to quantify this

effect. Their Figure 10 demonstrates that COSMOS imaging is sufficiently able

to detect the outer parts of typical disk galaxies out to z = 1.

In addition, they suggest an empirical test to see how the bar fraction depends

on surface brightness. This is done by comparing the bar fraction as a function

of the observed surface brightness of the disks in three redshift bins (the same

bins used in Section 3.3.1). Any impact of surface brightness dimming on the bar

fraction would be revealed by a correlation of bar fraction with surface brightness,

and specifically should be largest in the highest redshift bin. We observe no

correlation of the bar fraction with surface brightnesses for each of the redshift

bins when conducting this test using our GZH disk sample (Figure 3.6, bottom).

This observed constant bar fraction with surface brightness demonstrates that

bars/disks are equally detectable in the dimmest galaxies to the brightest disk

galaxies.

We conclude that surface brightness dimming does not bias our final results.

3.4 Results

3.4.1 Redshift evolution of the bar fraction

We explore the trend of the bar fraction, fbar, across ∼ 3.6 Gyr of cosmic history,

from a lookback time of tlb = 4.2 Gyr (at z = 0.4) to tlb = 7.8 Gyr (z = 1.0). The

redshift evolution of the bar fraction is observed in Figure 3.7, where the fraction

of barred galaxies decreases from fbar = 22±5% at tlb = 4.2 Gyr (z = 0.4) to

fbar = 11±2% at tlb = 7.8 Gyr (z = 1.0). We show that a linear relationship

(bold line) offers a good fit to our observations, with this relationship given in

Table 3.1.

Our GZH disk sample is split into equal time bins, with the bar fraction

calculated for each 0.3 Gyr interval, which approximately corresponds to redshift

bins of ∼ 0.05. Although this is fine binning for the use of photometric redshifts,

it is appropriate, as the photometric redshifts of our galaxies are accurate to

σ∆z ∼< 0.02 up to z = 1.25 (Ilbert et al., 2009). Each point is labelled with

the number of barred disk galaxies (Nbar) over the total number of disk galaxies

(Ndisk) observed within the given bin. We show 1σ errors for each point (grey).
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Figure 3.7: Redshift evolution of the fraction of barred disk galaxies. Each point
represents the observed bar fraction in a 0.3 Gyr bin, with the number of barred
disk galaxies and total number of disk galaxies indicated. The grey tramlines
represent a 1σ error for the points. We show the mean bar fraction for the whole
sample (fbar = 13.3± 0.7%) as the horizontal dot-dashed line, as well as a linear
relationship between the bar fraction and the lookback time, which is shown by
the solid line. Our shaded errors do not account for any systematic errors that
may be present, especially in the higher redshift bins.
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These errors explore a normal distribution of a binomially distributed observation,

such as for a Bernoulli trail. For a Bernoulli trial the experiment has exactly

two possible outcomes, which in this case is whether a disk galaxy is barred or

unbarred. The errors are calculated as follows;

σf =

√
fbar(1− fbar)

Ndisk

. (3.3)

Our result is consistent with that of S08, whose observed strong bar fraction

decreased from fbar = 35 ± 5% to fbar = 17 ± 2% across the redshift range they

explored (0.2 < z < 0.84). See Section 5.1.1 for more details on the comparison

between our results and those of S08. We are also consistent with the observations

of Jogee et al. (2004) and Cameron et al. (2010).

3.4.2 Galaxy mass-dependent redshift evolution of the bar

fraction

We split the GZH disk sample into three separate mass bins (as described in

Section 3.2.4), enabling us to explore the mass dependence of the evolving bar

fraction with time. These observations are shown in Figure 3.8, with the low-

redshift GZ2 data also shown in equivalent mass bins. The GZH disk sample

is split into 0.6 Gyr bins (which span tlb = 4.2 − 7.8 Gyr), with the GZ2 data

representing a bin of 0.57 Gyr (tlb = 0.23− 0.80 Gyr, or z = 0.01− 0.06).

We find that the increase in bar fraction over cosmic time is driven by the

most massive galaxies. Specifically we observe the following.

1. Low-mass subsample: We observe a slow evolution of the bar fraction

within the 1σ errors shown in Figure 3.8, with the bar fraction decreasing by a

factor of 2.2 over 4.2 Gyr, from fbar = 21±5% at tlb = 4.2 Gyr to fbar = 9± 3%

at tlb = 7.8 Gyr. Extending this to the local Universe GZ2 sample, we see that

the bar fraction (fbar = 22 ± 1%) has only increased slightly since z = 0.4. The

shallow decrease in bar fraction towards higher redshifts for the GZH low-mass

disks is illustrated by a linear fit shown in Figure 3.8 (blue dashed line), with the

parameters of this fit given in Table 3.1. We also show in Table 3.1 the linear

equation when the GZ2 data point is included, which gives a shallower evolution

of the bar fraction for these galaxies over the 8 Gyr explored.

2. Intermediate-mass subsample: The bar fraction almost halves from
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Figure 3.8: Redshift evolution of the bar fraction split into three mass bins
of log(M?/M�) = 10.0-10.34 (blue squares), 10.34-10.64 (black triangles) and
≥10.64 (red circles). Low-redshift points from GZ2 with the same mass limits
are also included. Also shown are linear relationships for each mass bin (dashed
lines). The relationships shown do not include the GZ2 points. These equations
can be found in Table 3.1, along with linear equations that do include the GZ2
data points. Our shaded errors do not account for any systematic errors that
may be present, especially in the higher redshift bins.
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Table 3.1: Linear equations in the form fbar = fbar,0 + (γtlb(Gyr)), which relates
the bar fraction evolution to lookback time for the full GZH disk sample and the
three stellar mass subsamples. Linear relationships for the three mass subsamples
are shown in Figure 3.8 with only the GZH data points considered. We also show
the relationships that include the GZ2 points in the table below.

Sample (GZH data only) fbar,0 γ
GZH (Fig. 3.7) 0.38± 0.05 −0.039± 0.008

Low mass 0.27± 0.08 −0.024± 0.013
Intermediate mass 0.33± 0.08 −0.036± 0.012

High mass 0.50± 0.11 −0.052± 0.016

Sample (GZH + GZ2 data) fbar,0 γ
Low mass 0.16± 0.01 −0.006± 0.002

Intermediate mass 0.26± 0.01 −0.024± 0.002
High mass 0.40± 0.01 −0.035± 0.002

fbar = 11± 4% at tlb = 4.2 Gyr to fbar = 7± 2% at tlb = 7.8 Gyr. Extending this

to the GZ2 sample, we find that the bar fraction is higher (fbar = 34± 1%) than

at z = 0.4 in the GZH sample. Overall, the bar fraction for intermediate galaxies

decreases by around a factor of 5 across the full 8 Gyr. We fit a linear trend

to this subsample (dashed black line in Figure 3.8), with the equation shown in

Table 3.1.

3. High-mass subsample: We observe a decrease in the bar fraction with

redshift, from fbar = 30±5% at z = 0.5 to fbar = 12±2% at z = 0.8−1. Extending

this to the GZ2 sample, the bar fraction has increased to fbar = 38±1% at z = 0.

Over the full 8 Gyr, the bar fraction has increased by a factor of 3. A linear fit

for our high-mass sample (red dashed line on Figure 3.8), is given in Table 3.1.

3.4.3 Varying the pbar threshold

The threshold we choose for pbar is selected so bars in our GZH sample should

have similar properties (i.e. strength) to those in the GZ2 low-redshift comparison

sample. We allude to the fact that differing bar fractions observed at low and

high redshifts may be due to different strengths of bars being used to determine

such results. Figure 11 of W13 illustrates for GZ2 how pbar correlates with the

length of bars relative to their disk. Here we explore the redshift evolution of the
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Figure 3.9: Postage stamp images showing how the strength of a bar is represented
by differing pbar values over a range of redshifts. The pbar values increase from
left to right, in increments of ∼0.2 (i.e. 0.2 ≤ pbar ≤ 0.8), with redshift increasing
from top to bottom, also in increments of ∼0.2 (i.e. 0.4 ≤ z ≤ 1.0). Both the
redshift and expected weighted likelihood from GZ classifications that the galaxy
hosts a barred structure (pbar) are shown in the bottom right hand corner for
each image. Figure 3.4 shows examples of pbar = 0 and pbar ∼ 1.
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Figure 3.10: Redshift evolution of the bar fraction for a range of pbar thresholds,
with linear relationships for each threshold given in Table 3.2.

bar fraction for a range of pbar thresholds (from pbar ≥ 0.3 to pbar ≥ 0.7), where

we expect a lower threshold to include weak bars, and the higher threshold to

only include the ‘strongest’ bars.

Figure 3.9 gives examples of galaxies with a range of pbar and redshift values.

Combining these images with those from Figure 3.4, which show disk galaxies with

pbar = 0 and pbar ∼ 1, we provide images that illustrate the full range of pbar values

(0 ≤ pbar ≤ 1) at selected redshift values within our range (z = 0.4, 0.6, 0.8, 1.).

Figure 3.10 shows the evolution of the bar fraction for each of these thresholds.

As expected, the bar fractions seen in each lookback bin differ for each threshold,

with the bar fraction increasing as the threshold is lowered. Linear relationships

for each of the thresholds are shown in Table 3.2. We show that varying the pbar

threshold does not significantly change the slope of the trend seen in our results,

where the bar fraction increases towards lower redshifts. We do find that the rate
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Table 3.2: Linear equations in the form fbar = fbar,0 + (γtlb(Gyr)), which relates
the bar fraction evolution to lookback time for differing pbar thresholds.

pbar threshold fbar,0 γ
≥ 0.3 0.54± 0.06 −0.041± 0.010
≥ 0.4 0.44± 0.06 −0.039± 0.009
≥ 0.5 0.38± 0.05 −0.039± 0.008
≥ 0.6 0.26± 0.04 −0.028± 0.006
≥ 0.7 0.21± 0.04 −0.024± 0.005

of increase of the bar fraction towards lower redshifts does slightly increase as the

pbar threshold is reduced.

In Figure 3.11, we explore the mass-dependent redshift evolution of the bar

fraction for the pbar thresholds used in Figure 3.10. As we found for the GZH

sample as a whole, the absolute bar fractions observed in each of the stellar mass

ranges increase as the pbar threshold drops. The rate of increase of the bar fraction

with time, shown in Table 3.3, also becomes steeper as pbar is reduced. Despite

these differences, the observed trends we discussed in Section 3.4.2 remain for all

pbar thresholds, across each of the three stellar mass bins.

3.4.4 Potentially missing smooth disk galaxies and how

this affects the evolving bar fraction

In Section 2.4 I found that GZ volunteers were tending to classify featureless disk

galaxies as ‘smooth’ galaxies when asked the first question in the GZH tree ‘Is the

galaxy simply smooth and rounded, with no sign of a disk?’. With this chapter

exploring how the fraction of disk galaxies evolve with redshift, the exclusion of

smooth disk galaxies may bias the result.

In Figure 3.7 I showed how the bar fraction evolved for a sample of face-on disk

galaxies. To explore whether smooth disks are affecting this result, I plot the bar

fraction evolution for the whole sample of COSMOS galaxies (i.e. Nbar/Ntotal), as

shown in Figure 3.12. This sample will include the face-on disks, edge-on disks,

ellipticals and the smooth disk population.

Figure 3.12 shows that the evolving bar fraction with time is present for the

full COSMOS sample, with higher bar fractions observed towards lower redshifts.
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Figure 3.11: Redshift evolution of the bar fraction for a range of pbar thresholds
for each stellar mass range described in Section 3.2.4. Top left: low-mass disk
galaxies; Top right: intermediate-mass disk galaxies; Bottom: high-mass disk
galaxies. The linear relationships for the differing pbar thresholds in each mass
range are given in Table 3.3.
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Table 3.3: Linear equations in the form fbar = fbar,0 + (γtlb(Gyr)), which relates
the bar fraction evolution to lookback time for differing pbar thresholds for each
stellar mass bin: Top: low-mass; Middle: intermediate-mass; Bottom: high-mass.

Low-mass sample - 10.0 ≤ log(M?/M�) < 10.34
pbar threshold fbar,0 γ
≥ 0.3 0.39± 0.11 −0.020± 0.017
≥ 0.4 0.34± 0.09 −0.027± 0.014
≥ 0.5 0.24± 0.08 −0.019± 0.013
≥ 0.6 0.16± 0.07 −0.013± 0.010
≥ 0.7 0.14± 0.05 −0.015± 0.008

Intermediate-mass sample - 10.34 ≤ log(M?/M�) < 10.64
pbar threshold fbar,0 γ
≥ 0.3 0.55± 0.11 −0.049± 0.016
≥ 0.4 0.43± 0.09 −0.043± 0.014
≥ 0.5 0.37± 0.08 −0.043± 0.012
≥ 0.6 0.23± 0.07 −0.027± 0.010
≥ 0.7 0.21± 0.05 −0.025± 0.007

High-mass sample - log(M?/M�) ≥ 10.64
pbar threshold fbar,0 γ
≥ 0.3 0.79± 0.13 −0.072± 0.019
≥ 0.4 0.64± 0.11 −0.062± 0.017
≥ 0.5 0.53± 0.11 −0.056± 0.016
≥ 0.6 0.35± 0.09 −0.037± 0.013
≥ 0.7 0.22± 0.07 −0.024± 0.010
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Figure 3.12: Redshift evolution of the bar fraction for all galaxies in the COSMOS
sample. All points include 1σ binomial errors, with the dashed line showing the
mean bar fraction.

This signifies that the redshift evolution of the bar fraction would still be observ-

able if smooth disk galaxies (amongst all other galaxy types included in the full

COSMOS sample) were included in the original disk galaxy sample.

Furthermore, if smooth disk galaxies appear smooth due to resolution limi-

tations or surface brightness dimming, then the number of smooth disk galaxies

should increase towards higher redshifts. This means the number of smooth disks

(the denominator in the bar fraction calculation) to be added to the original disk

galaxy sample would be greater at higher redshifts. The result of this would be

to reduce the observed bar fraction towards higher redshifts, whilst the lower red-

shift bar fractions would remain similar, thus the trend in bar fraction evolution

would likely be enhanced if the smooth disks were included.

I therefore conclude that, although smooth disks are discounted from this

study, any redshift trend observed for the bar fraction is a true trend. The effect

of excluding smooth disks, which affects the denominator of the bar fraction

calculation (Ndisk), means that only the absolute values of the bar fractions in

each bin would change, but the overall trend would remain.

I explore the effects of redshift biases, such as resolution limitations and sur-

face brightness dimming, on the evolving bar fraction in more detail in Section 5.6.
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3.5 Discussion

Our visually classified GZH disk sample shows a decreasing bar fraction with in-

creasing redshift. More specifically, the bar fraction decreases from fbar = 22±5%

down to fbar = 11± 2% across the 3.6 Gyr (0.4 ≤ z ≤ 1.0) explored (Figure 3.7).

When splitting the GZH disk sample into three subsamples by galaxy mass (Fig-

ure 3.8), we find that the low-mass and intermediate-mass galaxies have slowly

increasing bar fractions towards lower redshifts, while the high-mass galaxies have

a much steeper increase in bar fraction towards lower redshifts. When extending

our results into the local Universe (z ∼ 0.1) using the GZ2 disk sample, we find

that all trends continue in a similar manner.

In this section we compare our results with other works, both observational

and theoretical, which have also explored the redshift evolution of the bar fraction.

We follow this by providing an interpretation of our result.

3.5.1 Comparison with other work

The literature regarding bar fraction measurements at both high and low red-

shifts is extensive (see Sellwood 2013 for a recent review). Figure 3.13 shows the

redshift evolution for our results (black), including the GZ2 bar fraction (as pub-

lished in M12). In addition to these, we show several other high-redshift studies;

Elmegreen et al. (2004) - red; Jogee et al. (2004) - orange; Elmegreen et al. (2005)

- pink; S08 - blue; Cameron et al. (2010) - purple. We also include a theoretical

prediction of the expected bar fraction evolution based on the re-simulation of

disks embedded in a cosmological simulation (Kraljic et al. 2012; green). Here,

we will not attempt to make a comprehensive comparison of our results to all

the studies shown in Figure 3.13, although it is clear that our observations of a

decreasing bar fraction with increasing redshift agree with the picture built by

the combination of these results. Instead, we will compare our results with two

particularly relevant studies: S08, whose disk sample is the largest used to ex-

plore the redshift evolution of the bar fraction, and the simulated predictions of

Kraljic et al. (2012).
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Figure 3.13: Redshift evolution of the bar fraction from our GZH and GZ2 data
(black) compared to the results of several other high-redshift studies; S08 (blue),
Elmegreen et al. (2004) (red), Jogee et al. (2004) (orange), Elmegreen et al.
(2005) (pink) and Cameron et al. (2010) high- and intermediate-mass samples
(purple). We also show a simulated evolution of the bar fraction from Kraljic et
al. (2012) (green).
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Comparison with S08

Following the results of Elmegreen et al. (2004) and Jogee et al. (2004), who

concluded that the bar fraction did not evolve with redshift, S08 explored the

evolving bar fraction with a carefully selected disk galaxy sample. Their sample

was an order of magnitude larger than these previous studies (N = 2157), and

showed a declining bar fraction with increasing redshift. Our GZH results agree

well with S08, although in revisiting their work, we attempt to extend the redshift

space explored by allowing for classifications up to z = 1.

While the results of S08 and our own are both from the same survey (COS-

MOS), the processes we use to select our visually classified GZH disk and barred

disk samples differ to the selection criteria used by S08. We discuss the selection

processes used to determine our GZH disk sample in Section 3.2.2.

To produce their disk galaxy sample, S08 used spectral energy distribution

(SED) classifications based on a match to published templates (see Mobasher

et al. 2007 for details). These classifications range from Tphot = 1 to 6, where

Tphot = 1 corresponds to elliptical galaxy, 2=Sbc, 3=Scd, 4=Irr (from Coleman

et al. 1980), and types 5 and 6 are starburst models (from Kinney et al. 1996). S08

include only galaxies with Tphot ≥ 2 in order to exclude all elliptical and lenticular

galaxies from the sample6. Applying the same criteria to our own catalogue, we

find that 95.9% (2282) of our visually identified disk galaxies have Tphot ≥ 2, with

98 of our GZH disk galaxies categorized with earlier type SEDs. The volume limit

and inclination cuts applied by S08 are also different from our selection.

The 98 (4% of the GZH disk sample) disk galaxies we identify with Tphot < 2.0

are the high-redshift equivalents of ‘red spirals’ (Masters et al., 2010), which have

previously been identified in the COSMOS data (Bundy et al., 2010). In our local

Universe up to 20% of disk galaxies are ‘red’ (Bamford et al., 2009; Skibba et al.,

2009), and even among late-type disk galaxies (i.e. Sb and Sc type galaxies) 6%

are found near the red sequence (Masters et al., 2010). Of particular relevance

to this work is that red spirals in the local Universe are found to have high bar

fractions (Masters et al., 2010; Masters et al., 2011). Indeed, among the 98 ‘red

spirals’ in our sample, 45% (44) are identified as having a strong bar, compared to

11.5% for late-type galaxies selected by Tphot (i.e. Tphot ≥ 2.0). Example images7

6This differs from the published selection (Tphot > 2) due to a typographical error in publi-
cation (K. Sheth private communication.)

7Images of all 98 red spirals are shown at http://data.galaxyzoo.org/GZH/samples/tphot disks.html
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Figure 3.14: Images showing three unbarred (images a − c) and three barred
(images d−f) ‘red spiral’ galaxies (i.e. visually identified disks with Tphot < 2.0).
The images are organized in ascending redshift for each sample, with the redshift
and expected weighted likelihood from GZ classifications that the galaxy hosts a
barred structure (pbar) data shown in the bottom right hand corner.

of some of the red disk galaxies are shown in Figure 3.14.

The bar identification used in S08 is also different from our own. S08 identify

bars by an ellipse fitting method, and also through visual classifications by a

single author, with a cross check of 500 galaxies by a second author. These two

methods were cross checked and found to be consistent 85% of the time. We use

GZ identifications based on a median of 29 citizen scientists per galaxy.

Despite these variations in selection criteria, both studies observe similar

overall trends of bar fraction with redshift (see Figure 3.13). We show in Ap-

pendix 3.4.3 that, by altering the threshold of pbar we use to define our barred

GZH sample, we can replicate the absolute bar fraction values observed by S08

(using pbar = 0.45), without significantly changing the trend we observe.

Where the studies appear to differ initially, is in the interpretation of the

galaxy mass dependence of the redshift evolution of the bar fraction. However,

when we only consider the data where the redshift bins and mass ranges are

directly comparable [0.4 < z < 0.84 and log(M?/M�) ∼> 10.3], we find that the

qualitative trends are in agreement.
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Comparison with predictions of Kraljic et al. (2012)

There has been substantial progress in the theoretical modelling of bar formation

in disk galaxies (e.g. Combes & Sanders 1981; Berentzen et al. 1998; Athanas-

soula 2003; Debattista et al. 2006; Martinez-Valpuesta et al. 2006; Villa-Vargas

et al. 2009; Saha & Naab 2013). The realization that the transfer of angular mo-

mentum between dark matter haloes and the gaseous component in disk galaxies

was vital to the growth of bars over time (e.g. Athanassoula 2003), along with

improvements in computational power, has led to a significant increase in the

sophistication of bar modelling.

Of particular interest to this work is Kraljic et al. (2012) who published a pre-

diction for the redshift evolution of the bar fraction for a sample of 33 simulated

disk galaxies that they followed over cosmic history. Initially part of a full cosmo-

logical dark matter simulation (see Martig et al. 2012 for details), the 33 galaxies

were selected to have z = 0 masses of log(M?/M�) = 10 − 11.3. Kraljic et al.

re-simulated these galaxies using a ‘zoom-in’ technique, with a ‘sticky-particle’

scheme used to model interstellar gas dynamics. The re-simulations began at

z = 5, and the evolution of the galaxies were traced from z = 2 to z = 0.

As with the comparison with S08, the way in which Kraljic et al. select their

disk galaxies and identify which are bars differs to our visually obtained disk and

barred disk samples. To identify whether a galaxy is disk dominated, Kraljic

et al. use a Sersic index cut, whereby a galaxy is classified as disk dominated if

n < 2. To identify whether a disk galaxy is barred, Kraljic et al. use the method of

Fourier decomposition of the surface density profiles of each galaxy. The strength

of the bar, S, is given by the ratio of the Fourier amplitudes integrated across

the bars radius. Kraljic et al. define observable bars as those with S > 0.2, and

more specific to this work they define strong bars as those with S > 0.3.

The work of Kraljic et al. (2012) provides an interesting theoretical comparison

to our observed results for two main reasons. First, the present day (and z = 1;

see Martig et al. 2012) mass range explored is similar to the stellar mass ranges in

our observed sample, and secondly, these simulations focus on disk-like galaxies,

and a range of bar strengths are available to compare against.

We show in Figure 3.13 that, over the range of lookback times explored by

our GZH data, the predicted evolution of the bar fraction in Kraljic et al. (2012)

(green tramlines that represent Poissonian errors) agrees with our observations

(and those of S08).
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Table 3.4: Initial (z = 1.0) and final (z = 0.4) mass ranges for three mass evolving
GZH subsamples when a SFR of 1.5M�/yr is applied.

Mass sample z = 1.0 mass range z = 0.4 mass range
Low mass 10.0− 10.34 10.16− 10.42

Intermediate mass 10.34− 10.64 10.42− 10.68
High mass ≥ 10.64 ≥ 10.68

At lower redshifts (z < 0.2), we do not agree with Kraljic et al. (2012). The

simulations predict a strong bar fraction of 58%: considerably higher than that

observed in GZ2 (fbar = 26%). Their strong bar fraction prediction does agree

with other published values of the bar fraction in the local Universe (e.g. Barazza

et al. 2003; Aguerri et al. 2009); however, these observations include both strong

and weak bars.

We note that in Kraljic et al. (2012), the strong bar fraction is observed in

the same 33 disks as they are tracked through their evolution (see Figure 6 from

Kraljic et al. 2012), while our GZH observations show only how the bar fraction

in a population of galaxies of a given mass range changes with redshift. Here, we

attempt to make a fairer comparison by exploring the bar fraction for three mass

evolving disk galaxy subsamples.

We assume a typical SFR of 1.5 M�/yr. This value is approximately the

expected SFR of these disk galaxies over the 3.6 Gyr explored (1 − 2M�/yr;

Damen et al. 2009; van Dokkum et al. 2010; Karim et al. 2011), with significantly

lower SFRs only found in massive elliptical galaxies and higher for rare starburst

galaxies.

Table 3.4 shows the initial stellar mass ranges for our three subsamples (as

described in Section 3.2.4), and their corresponding mass ranges after 3.6 Gyr

have elapsed. The result of including the effects of star formation, and therefore

mass growth, means that galaxies that are of low or intermediate mass at z = 1.0,

may have accumulated sufficient mass to be moved into a higher mass bin by

z = 0.4. The most massive galaxies at z = 1.0 are less affected by mass growth,

as the accumulation of 1.5M�/yr is negligible for them.

The result of including star formation is shown in Figure 3.15. With the

incorporation of stellar mass growth, we find that our observations are still in

agreement with those simulated by Kraljic et al. (2012) at higher redshifts (z >
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Figure 3.15: Redshift evolution of the bar fraction for three evolving stellar mass
bins: low mass (blue squares), intermediate mass (black triangles) and high mass
(red circles). The initial z = 1.0 mass ranges are those described in Section 3.2.4,
with these and the final (z = 0.4) mass ranges given in Table 3.4.
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0.4).

3.5.2 Implications - the role of stellar mass in bar forma-

tion and evolution

The observations presented in Figure 3.8 show that the evolution of bar fraction

with time is dependent on stellar mass, with the bar fraction of the most mas-

sive disk galaxies (fbar = 38.3%) being almost double that of our low-mass disk

galaxies (fbar = 22.4%) by z = 0. Additionally, the lowest mass disk galaxies

we track [log(M?/M�) = 10.0 − 10.34] show the shallowest evolution of the bar

fraction, increasing by 2% per Gyr over 8 Gyr, compared to 6% per Gyr for the

most massive.

When interpreting these differing trends we observe for each mass subsample,

it is important to remember that the bar fraction is not only dependent on the

number of bars present in each time bin (Nbar), but also on the number of disk

galaxies (Ndisk). If we first look at our high-mass sample, it is a reasonable

assumption that most massive disk galaxies are in place by z ∼ 1, and so Ndisk

will remain approximately constant across the 8 Gyr explored. Therefore, the

steep bar fraction evolution we see in our high-mass sample is being driven by an

increasing Nbar towards lower redshifts.

Bars are predicted to form quickest in massive, dynamically cool stellar disks

(Athanassoula 2005; Athanassoula et al. 2009; Cheung et al. 2013), and are long

lived structures (e.g. Debattista et al. 2006; Athanassoula et al. 2013, but see

Combes 2008a or Bournaud & Combes 2002 for an opposing view). The results

we present support this theory, as it is the most massive disk galaxies that are

more likely to host bars at earlier times.

S08, Sheth et al. (2012) and Cameron et al. (2010) all observed the bar fraction

to be highest in the most massive galaxies at high redshifts, with Kraljic et al.

(2012) also showing that their more massive simulated galaxies formed their bars

earliest. At low redshifts, such as the range explored by the GZ2 sample, it is

observed that strong bars are more likely to be found in more massive galaxies

(see Nair & Abraham 2010; Skibba et al. 2012). This can all be explained by

massive galaxies becoming dynamically cool, disk dominated quicker (i.e. Ndisk is

constant at z ∼< 1 for massive disk galaxies) and having lower gas fractions than

their lower mass counterparts.
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The increasing bar fraction we observe in the most massive disk galaxies over

the 3.6 Gyr coincides with a proposed first epoch of substantial bar formation

at z = 0.8 − 1 (Kraljic et al., 2012), who suggest that secular processes begin

to dominate the evolution of massive disk galaxies at z < 1.0. Our observations

are consistent with this picture, as it is the increasing Nbar that drives the rapid

evolution of the bar fraction for our high-mass disk galaxies.

Alternatively, we observe a population of lower mass disk galaxies whose bar

fraction increases at a much slower rate compared to that seen for the more

massive disk galaxies. For these disks, we will assume that Nbar increases at a

similar rate to that for higher mass galaxies. However, for our low-mass sample

we expect that Ndisk is also increasing towards lower redshifts, and so the overall

increase in the bar fraction is much shallower than observed in our high-mass

disks.

Nair & Abraham (2010) observed a bimodality in the fraction of bars in z =

0 disk galaxies with a minimum at the typical mass transition of the colour-

magnitude diagram [log(M?/M�) = 10.2]. They suggest the bimodality could

be revealing fundamental differences in bar formation mechanisms in these two

regimes and postulate that bars may be more easily triggered, and will form more

quickly in lower mass disk galaxies. They also state that bars would be easier to

destroy in these lower mass galaxies. In this scenario, the relatively low increase

in bar fraction we see in our lowest mass subsample [log(M?/M�) = 10.0− 10.34]

over 8 Gyr can be explained by the combination of both the balance between

the time-scales of these two processes across cosmic time and the continually

increasing number of unbarred disk galaxies (Ndisk) entering our sample towards

lower redshifts. In higher mass galaxies, bars are predicted to be more stable, so

once formed, they will persist over long periods. The monotonic increase in bar

fraction we observe for these galaxies is consistent with this explanation.

More recently, works with smaller samples of z = 0 galaxies (Méndez-Abreu

et al. 2010, 2012; Sheth et al. in preparation) do not observe the low-mass peak

in the bar fraction. In this scenario the low increase of the bar fraction in our

lowest mass galaxies can be interpreted as these disk galaxies not yet having bars.

The differing rates of increase we observe in the evolution of the bar fraction

for different mass galaxies suggest more than one process is at play in determining

the observed bar fraction; affecting both rates of bar formation in disks (Nbar), as

well as the rate of galaxies becoming disk dominated (Ndisk). We review possible
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mass-dependent processes that could affect these time-scales:

Gas content: Simulations suggest that increasing the gas fraction in disk

galaxies will inhibit bar formation (e.g. Friedli & Benz 1993; Berentzen et al. 2007;

Heller et al. 2007; Villa-Vargas et al. 2010; Kraljic et al. 2012; Athanassoula et al.

2013), with observations offering support to these theories (Masters et al., 2012).

Correlations exist between the total gas content of disk galaxies and their stellar

mass (e.g. Kauffmann et al. 2003; Catinella et al. 2009, 2012), such that more

massive disk galaxies tend to be less gas rich. The gas content of disk galaxies

is also known to decrease over cosmic time (e.g. Tacconi et al. 2013), which can

naturally explain the increasing bar fractions of the massive and intermediate disk

galaxies as they gradually lose their gas. In this scenario, the lower-mass galaxies

that continuously enter our low mass sample towards lower redshifts start out

unbarred, and may remain unable to form strong bars even to z ∼ 0. However,

the situation may be different for weaker bars, which are still able to form and

grow, albeit at a slower rate, in gas-rich galaxies (Athanassoula et al., 2013), and

so they may be more abundant in these gas-rich galaxies (e.g. Nair & Abraham

2010).

Tidal heating: The impact that tidal heating, or harassment (i.e. minor

mergers adding random motion to the stellar disk), has on a galaxy will depend

sensitively on its mass. S08, Sheth et al. (2012) and Giordano et al. (2010) have

all argued that this effect may drive the different evolutions of the bar fraction

observed in disk galaxies with differing masses (with redshift and environment,

respectively). Interactions that would act to trigger bar formation in more mas-

sive galaxies (e.g. Moore et al. 1996; Skibba et al. 2012) may instead heat the disk

of a lower mass galaxy, preventing any bar formation. As cosmic time proceeds,

such interactions become less likely as the galaxy number density decreases. This

would lead to not only less tidal triggering, but also less inhibition of bar forma-

tion from disk heating, and less disruption of bars from more violent encounters.

Indeed, the phase of increased bar formation that we observe in the most massive

disks in our sample at z ∼ 0.7 coincides with an observed reduction in major

merger rates (see Conselice et al. 2003; Ryan et al. 2008; Lotz et al. 2011). As

discussed in Kraljic et al. (2012), prior to z = 1 the evolution of galaxies is

dominated by violent interactions (such as major and minor mergers). There-

fore, as the merger rate begins to decline, the evolution of disk galaxies becomes

dominated by secular processes.



CHAPTER 3. BAR FRACTIONS UP TO Z=1 103

How the bar fraction continues to evolve in these different mass regimes at

z > 1 is of significant interest. Kraljic et al. (2012) make a clear prediction

that at z > 1, fbar ∼ 0 as stable disks become rare. We are extending our

observations of the bar fraction to higher redshifts, using images from the Cosmic

Assembly Near-Infrared Deep Extragalactic Legacy Survey (CANDELS; Grogin

et al. 2011; Koekemoer et al. 2011). These images are currently being classified

by GZ volunteers in the fourth incarnation of GZ8.

3.6 Summary

We present a study of the redshift evolution of the bar fraction from a sample

of 2380 disk galaxies. The galaxy images were taken as part of the COSMOS

project, and were visually classified by GZH volunteers. Our GZH disk sample is

volume limited [0.4 ≤ z ≤ 1.0; log(M?/M�) ≥ 10.0], and does not include highly

inclined disks [log(a/b) < 0.3]. The identification of barred structures hosted in

these disk galaxies is based on GZH visual classifications. We present evidence

that suggests the barred disk galaxies identified in this way host strong bars.

We explore the stellar mass dependence of the redshift evolution of the bar

fraction by splitting the GZH sample into three equally populated stellar mass

bins: log(M?/M�) = 10.0 − 10.34; 10.34 − 10.64 and ≥ 10.64. Our main results

and conclusions are as follows.

• We observe a decrease in the bar fraction towards higher redshifts, with the

overall reduction being a factor of 2 across 3.6 Gyr of cosmic time, from

fbar = 22 ± 5% at tlb = 4.2 Gyr (z = 0.4) to fbar = 11 ± 2% at tlb = 7.8

Gyr (z = 1.0).

• We find that splitting the GZH sample by stellar mass reveals differing

redshift evolution of the bar fraction. Lower mass disk galaxies are observed

to have a steady but slowly decreasing bar fraction towards z = 1, with the

intermediate-mass galaxies having a similar, but slightly steeper decrease.

• The steepest decrease in bar fraction evolution is seen in the most massive

disk galaxies, with this trend observed across the whole 8 Gyr explored. We

suggest that the redshift evolution of the bar fraction we find is predomi-

nantly driven by the evolution observed in these high-mass disk galaxies.

8www.galaxyzoo.org



CHAPTER 3. BAR FRACTIONS UP TO Z=1 104

• An extrapolation of the trends we see to higher redshifts suggests that we

may be observing an era of transition in disk galaxy evolution, where secular

processes have recently begun to affect the evolution of some of the more

massive disk galaxies. At this epoch, we suggest that the first galaxies have

become dynamically cool and disk dominated and are able to form and

sustain barred structures. This time coincides with a decreasing rate of

major mergers in these same massive galaxies (Conselice et al., 2003; Ryan

et al., 2008; Lotz et al., 2011).

• The slow evolution of the bar fraction observed for lower mass disk galaxies

suggests that different processes may dominate bar formation and disrup-

tion in these galaxies. The suggestion that lower mass disk galaxies may

host different types of bars with separate formation processes has previously

been made by Nair & Abraham (2010), based on the bimodal trend of bar

fraction with galaxy mass they observed in the local Universe.

• We combine GZH visual classifications with Tphot values (see Mobasher

et al. 2007) to identify a subsample of 98 quiescent disk galaxies. The bar

fraction of these disks, fbar = 44.9% ± 5%, is a factor of 3.8 greater than

the bar fraction observed across the whole GZH sample (fbar = 13.3%), as

well as being a factor of 3.9 times greater than the bar fraction observed in

late-type (i.e. Tphot ≥ 2.0) galaxies (fbar = 11.5%).

This chapter provides the first results from the third incarnation of the Galaxy

Zoo project, Galaxy Zoo: Hubble. The observations we have discussed identify

an important point in a disk galaxy’s lifetime, where the regime of dramatic and

dynamically quick evolutionary processes curtail and an epoch of a calmer (secu-

lar) evolution begins. We demonstrate that this point in a galaxy’s evolution can

be identified simply by exploring its morphological features, specifically whether

the galaxy in question hosts a barred structure.



Chapter 4

Bar fractions beyond z=1

This chapter is predominantly taken from the published paper Simmons et al.

(2014) titled: Galaxy Zoo: CANDELS Barred disks and barred fractions. This

paper was produced with the collaboration of many other people from the Galaxy

Zoo and CANDELS teams. My position of second author comes from working

closely with B. Simmons on this paper throughout, with my noted inputs being;

writing the introduction and description of the Kraljic et al. (2012) work; being

one of the GZ team who classified the 876 disk galaxies to identify whether they

were barred or not; writing and running the bootstrap code to explore how the

errors of photometric redshifts could affect our observed results. The majority of

the work in this chapter remains the same as in the published paper, with some

sections edited to reflect my input.

4.1 Introduction

Observations of the bar fraction at redshifts higher than z = 1 have been limited

by only optical observations being available. The current theoretical understand-

ing of bar fraction evolution suggests that disk galaxies at z > 1 may be too

dynamically hot to form bars. This may in part be due to the increased inci-

dence of mergers and galaxy interactions (Conselice et al., 2003; Lotz et al., 2011;

Casteels et al., 2013), which disrupt and heat disks, destroying or preventing the

formation of bars. More generally, disk galaxies at z ∼ 1 tend to be less dynami-

cally “settled” than their more local counterparts, with a lower rotation velocity

compared to velocity dispersion as redshift increases (Förster Schreiber et al.,

2011; Kassin et al., 2012).

105
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The only current hydrodynamical simulations exploring the bar fraction by

Kraljic et al. (2012) find no observable bars within a simulated sample of galaxies

at z ∼ 1.5. However, other simulations that explore the impact of tidal heating

and galaxy harassment, find that this can either inhibit bar formation or promote

it, depending on mass (Noguchi, 1988; Moore et al., 1996; Skibba et al., 2012).

Testing the viability of the proposed mechanisms responsible for the redshift

dependence of bar fractions requires high-resolution imaging over a large area of

the sky to observe statistically significant samples in multiple redshift bins and

adequate spatial resolution to resolve galactic-scale bars in the rest-frame optical

(since the detectability of bars decreases rapidly blueward of the 4000 Å break;

Sheth et al. 2008).

In this chapter, I present the first results from Galaxy Zoo morphological

classifications of galaxies imaged by the Cosmic Assembly Near-Infrared Deep

Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al.

2011, which uses HST’s near-infrared Wide-Field Camera 3 (WFC3) that allows

us to probe the bar fractions of galaxies with L > L∗ out to z ∼ 2.

I begin this chapter by describing our sample selection, including a summary

of Galaxy Zoo classifications of CANDELS galaxies and how disks and bars are

selected. In this section we also explore any potential biases that may affect our

results. I present our results in Section 4.3, with a discussion including comparison

to simulated predictions in Section 4.4, and a summary in Section 4.5.

4.2 Data

4.2.1 CANDELS

The Cosmic Assembly Near-infrared Extragalactic Legacy Survey (CANDELS;

Grogin et al. 2011; Koekemoer et al. 2011) is a HST Treasury program combining

optical and near-infrared imaging from the Advanced Camera for Surveys (ACS)

and Wide Field Camera 3 (infrared channel; WFC3/IR) across five well-studied

survey fields (GOODS-North and -South, Giavalisco et al. 2004; EGS, Davis et al.

2007; UDS, Lawrence et al. 2007; and COSMOS, Scoville et al. 2007b) using a

two-tiered “deep” and “wide” approach. Each of the wide fields (UDS, COSMOS,

EGS and flanking fields to the GOODS-S and GOODS-N deep fields) are imaged

over 2 orbits in WFC3/IR, split in a 2:1 ratio between filters F160W and F125W,
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respectively, with parallel exposures in F606W and F814W using ACS. Each of

the deep fields (GOODS-S and GOODS-N) are imaged over at least 4 orbits

each in both the F160W and F125W filters and 3 orbits in the F105W filter,

with ACS exposures in F606W and F814W in parallel. These are reduced and

combined to produce a single mosaic for each field in each band, with drizzled

resolutions of 0.03′′ and 0.06′′ per pixel for ACS and WFC3/IR, respectively (a

process described in detail by Koekemoer et al. 2011).

Here we use the CANDELS ACS and WFC3/IR images from within the

COSMOS, GOODS-South, and UDS fields for which raw classifications from the

Galaxy Zoo project are presently available. The WFC3/IR observations of these

fields cover approximately changed 0.15 square degrees combined. The Galaxy

Zoo classifications are based on colour images created using the Lupton et al.

(2004) asinh stretch method with resolution-matched WFC3 F160W, F125W,

and ACS F814W as red, green and blue channels respectively. Some of the colour

images use ACS data that was observed during previous surveys (Giavalisco et al.,

2004; Scoville et al., 2007b; Koekemoer et al., 2007; Davis et al., 2007) and re-

analysed by the CANDELS pipeline.

4.2.2 Classifications

Galaxy Zoo provides quantified visual morphologies by obtaining multiple inde-

pendent classifications for each galaxy. Beginning in 2007, more than 1,000,000

galaxy images in total from the Sloan Digital Sky Survey and the HST have each

been classified by typically ∼ 40 independent volunteers via a web interface1. The

initial version of the project (Lintott et al. 2008, 2011) asked a single question

per galaxy (whether the galaxy was spiral or elliptical). Subsequent versions have

collected more detailed morphological information, including finer sub-structures

of disk galaxies such as bulge strength and bars, via a tiered classification tree

(e.g., Willett et al. 2013; Melvin et al. 2014). All previous Galaxy Zoo projects

have incorporated extensive analysis of volunteer classifications to measure classi-

fication accuracy and bias and compute user weightings (for a detailed description

of debiasing and consistency-based user weighting, see Section 3 of Willett et al.

2013). The classifications are highly accurate and the high number of indepen-

dent classifications per galaxy has enabled a diverse range of investigations in the

1zoo4.galaxyzoo.org
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overall field of galaxy evolution (e.g., Darg et al. 2010a,b; Masters et al. 2011;

Skibba et al. 2012; Casteels et al. 2013.

This work uses classifications collected during the fourth release of Galaxy

Zoo, specifically of 49,555 images from the COSMOS, GOODS-South, and UDS

fields in the CANDELS survey (hereafter GZ-CANDELS). The dataset was ini-

tially composed of all sources having F160W (H) apparent magnitude < 25.5.

Within this sample, 58% of sources have 25.5 < H < 24.5, and 31% of sources

have H < 23.5. We note that this brighter sub-sample includes 95% of galaxies

later selected as “featured” galaxies; Section 4.2.4.

Several months after the launch of GZ-CANDELS, an initial analysis moti-

vated by community2 tags of sources considered too faint to classify resulted in

the application of systematic cuts in magnitude-surface-brightness space and the

early retirement of 1,555 point-like sources and 11,837 faint, low-surface bright-

ness galaxies without resolvable fine features. Although the project is still ongo-

ing, as of the date of this analysis each of the remaining objects has received at

least 40 independent classifications (mean number 43; maximum 81). For each

source classified by volunteers in GZ-CANDELS, all independent classifications

are combined to produce “vote percentages”, where a vote percentage p for a

given answer to a given question in the classification tree is the number of votes

for that answer divided by the number of classifiers who answered the question.

The classification tree used for GZ-CANDELS (see Figure 4.1 for the portion

relevant here) first asks volunteers to choose whether a galaxy is mostly smooth,

has features, or is a star/artifact. The bar classification question (“Is there a

sign of a bar feature through the centre of the galaxy?”) is reached once a

volunteer has chosen “Features or Disk” as an answer to the first question and

has subsequently said the galaxy does not have a mostly clumpy appearance, nor

is it an edge-on disk. The bar classification is therefore a fourth-tier task, and the

number of volunteers per galaxy who answer the bar question varies depending

on responses to the earlier tasks. We discuss the details of the disk and barred

disk galaxy sample selections based on the tiered questions in the tree in Section

4.2.4.

2talk.galaxyzoo.org
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Figure 4.1: Left: Partial Galaxy Zoo: CANDELS classification tree, starting
with the first question (top) and leading to the bar feature question. There
are 17 questions total in the tree; the bar question is a 4th-tier task. Right:
Selection of the featured, not-edge-on disk galaxy sample (876 galaxies, hereafter
called the disk-parent sample) in GZ-CANDELS; relative box areas are scaled
to the sample sizes. This selection was made independently of restrictions on
redshift or luminosity (a full description of the sample selection is given in Section
4.2.4). Eight independent classifiers subsequently examined each of the 876 disk-
parent galaxies for evidence of a bar.

4.2.3 Redshifts

Each of the fields covered by CANDELS has considerable ancillary data from

previous and ongoing work. The photometric and spectroscopic redshifts used

in this work are compiled by B. Simmons for this paper. In addition to the

newly calculated photometric redshifts in CANDELS (Dahlen et al., 2013), B.

Simmons assembled additional photometric and spectroscopic redshifts from the

available literature. For galaxies in the COSMOS field, spectroscopic redshifts

from the zCOSMOS project (Lilly et al., 2007) are combined with the photometric

redshifts from Ilbert et al. (2009) and Whitaker et al. (2011). For galaxies in the

GOODS-South field, the catalogue compiled by Cardamone et al. (2010) is used,

which includes photometric redshifts from Gawiser et al. (2006) and spectroscopic

redshifts from several sources (Balestra et al., 2010; Vanzella et al., 2008; Le Fevre

et al., 2004; Cimatti et al., 2002). Finally, in the UDS field, spectroscopic redshifts

from Simpson et al. (2012) and photometric redshifts from Hartley et al. (2013)

are used.

Of the 4,955 galaxies originally included in Galaxy Zoo: CANDELS, 2,886

have spectroscopic redshifts and 43,384 have photometric redshifts (∼ 93% have

a redshift value). Where available, agreement between spectroscopic and photo-

metric redshift is generally very good, with ∆z ≡ σz/(1 + zspec) = 0.02 and ∼ 8%
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Figure 4.2: Examples of disk galaxies in GZ-CANDELS whose bar vote per-
centage (ps,bar) places them in the unbarred (top row) and barred (bottom row)
sub-samples.

of sources having ∆z > 0.2. The use of photometric redshifts introduces an un-

certainty of less than 1% into the population bar fractions discussed in Section

4.3. These uncertainties are discussed along with other possible sources of error

in Section 4.2.5.

4.2.4 Sample Selection

This work makes use of raw vote percentages from GZ-CANDELS, which are

neither weighted nor debiased, as the production of a weighted and debiased

GZ-CANDELS catalogue is still ongoing.

The effect of using raw vote fractions can effect our work in two ways. Firstly,

the unweighted votes are likely to be biased towards an excess of votes for “Star

or Artifact” for the first question asked of every galaxy (weighting is discussed

briefly in Section 2.3, with a more detailed account found in Willett et al. 2013).

Secondly, the effects of surface brightness dimming and loss of spatial resolution

are not accounted for in the raw votes (as discussed with the GZH disk and barred

disk samples in Melvin et al. 2014 - see Section 3.3.2), which is could potentially

have a significant effect due to our extending to z ∼ 2 in the rest-frame optical.

In the following sub-sections we discuss what thresholds are applied to the

GZ-CANDELS raw vote fractions to address the lack of user weighting, and the

conservative luminosity and redshift cuts that are applied to minimize the effects

of surface brightness dimming (Section 4.2.4).
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Figure 4.3: Examples of galaxies in GZ-CANDELS with different vote percentages
for the question “Does the galaxy have a mostly clumpy appearance?” Each
galaxy is labelled with its clumpy vote percentage, where pclumpy indicates the
fraction of classifiers who answered “Yes” to the question. (For comparison to
the selection described in Section 4.2.4 and Figure 4.1, note that pnot−clumpy =
1 − pclumpy. All galaxies shown have also received a “Features or Disk” vote
percentage for the first question in the classification tree within the range 0.45 ≤
pfeatures−or−disk ≤ 0.6. In order to favour inclusiveness of clumpy disks while
ensuring enough votes for the subsequent questions along the not-clumpy branch
of the classification tree, all galaxies with pclumpy < 0.7 are included in the disk
sample if they also meet the other selection criteria described in Section 4.2.4.

Raw vote thresholds

To favour completeness in the final disk galaxy sample and to minimize the im-

pact of the lack of user weighting, we employ a lower vote percentage threshold

when selecting “featured” galaxies than is typical when using weighted data. We

select “featured” galaxies as those where at least 30% of votes (out of at least

30 volunteers total) were registered for “Features or Disk”. This selects 2,706

featured galaxies. For comparison, a more typical threshold for weighted classifi-

cations is pfeatures−or−disk = 0.5 (e.g., Melvin et al. 2014). After the first question,

the user weighting used by previous Galaxy Zoo data reductions (Lintott et al.,

2008; Bamford et al., 2009; Willett et al., 2013) affects vote percentages by typ-

ically no more than a few percent. We therefore expect the lack of weighting to

have little to no systematic effect on additional vote percentages.

Subsequent to the featured galaxy selection, we select a sub-sample where at

least 30% of volunteers (where a minimum of 10 answered the question) regis-

tered a vote for “no” to the question “Does the galaxy have a mostly clumpy

appearance?” Figure 4.3 shows examples of galaxies along the full range of
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clumpy/not-clumpy vote percentages. We include the clumpy selection in or-

der to explicitly consider each branch of the classification tree that leads to the

bar-feature question, but the threshold is deliberately lower than previous stud-

ies (Melvin et al., 2014) to favour inclusiveness of clump-dominated disks that

may be more prevalent at higher redshift (e.g., Elmegreen et al. 2004; Elmegreen

& Elmegreen 2005; Meloy Elmegreen et al. 2007; Förster Schreiber et al. 2011)

while removing galaxies with no apparent underlying disks or whose morphologies

preclude evaluation of potential bar features. This selection removes 729 sources

in total, leaving 1,977 galaxies. However, were we to ignore the clump-threshold

criterion completely, this would only affect the final sample of disk galaxies at the

1% level, due to the subsequent inclination and luminosity selection criteria. Our

qualitative results are thus not sensitive to the specific choice of clumpy threshold

between 0.1 ≤ pnot−clumpy ≤ 0.6.

We also require that 50% of volunteers (of at least 10) registered a vote for

a disk galaxy that is “not-edge-on”. This is a deliberately conservative choice to

reflect the fact that bars would be invisible in edge on systems (the thresholds

used to select disk features are less strict to favour completeness).3 This selects

a sample of 876 disk galaxies, within each of which a bar may be identified, if it

exists. This parent sample of 876 not-edge-on disk galaxies is referred to hereafter

as the disk-parent sample.

As a sanity check on the selection of disks, we examine the Sérsic (1968)

indices of the disk-parent sample using the parametric fits of van der Wel et al.

(2012). We find that the distribution of Sérsic indices is peaked at n = 1.4, with

σn = 0.6, fully consistent with a disk-dominated sample (e.g., Haussler et al.

2007; Simmons & Urry 2008).

Figure 4.1 shows a visual representation of this sample selection, from which a

further sub-sample of barred galaxies may be identified. However, approximately

20% of these 876 galaxies received less than 10 raw votes total for the question “Is

there any sign of a bar feature through the centre of the galaxy?”, a consequence of

the broad initial selection of featured galaxies and the multiply-branched nature

of the classification tree. Because of this incompleteness and the lower number

of votes per galaxy in the 4th tier of the classification tree (the position of the

bar question), within the disk-parent sample the raw bar fractional vote is

3The discussion in Section 4.3 assumes the bar fraction is the same in edge-on galaxies as
face-on galaxies; an application of the results to include strongly clump-dominated galaxies
requires a similar assumption.
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statistically useful, but uncertain for individual galaxies.

We therefore elected to supplement the volunteer data with visual classifica-

tions from the Galaxy Zoo science team to select the sub-sample of barred disk

galaxies. Eight of the authors4 inspected each of the 876 disk-parent galax-

ies for evidence of a bar. These votes were unanimous approximately 60% of

the time, either for a bar feature (23 galaxies) or no bar (512 galaxies). Among

galaxies where the science team voted unanimously that a bar is present, the me-

dian volunteer bar vote percentage and interquartile range are 0.6+0.17
−0.06. Among

galaxies where the science team was unanimous that a bar is not present, the

median volunteer bar vote percentage and interquartile range are 0.1+0.08
−0.1 .

We find that the science team and volunteer bar vote percentages correlate

(r = 0.8), although the low number of volunteer votes for many objects means

the dispersion in the correlation is high. We therefore choose not to include the

incomplete volunteer votes for this question, considering only the science-team

classifications in the determination of the bar percentage, ps,bar. Following vote

percentage thresholds used in previous studies, we mark a galaxy as barred if at

least half of the science-team classifiers indicated the presence of a bar (ps,bar ≥
0.5). This vote fraction threshold has been shown to select strong bars (Masters

et al., 2011; Willett et al., 2013; Melvin et al., 2014). Using this vote percentage

threshold identifies 123 barred disk galaxies (hereafter the bar-parent sample)

from among the disk-parent sample of 876 disk galaxies selected from the full

GZ-CANDELS sample.

Redshift and Luminosity Selections

The absolute H-band magnitudes of the sample are plotted as a function of

redshift in Figure 4.4. Within the disk-parent sample, 525 galaxies have red-

shifts between 0.5 ≤ z ≤ 2.0; within the bar-parent sample, 61 galaxies have

0.5 ≤ z ≤ 2.0. Within this redshift range, all flux measured in the WFC3 H

band is redward of the 4000 Å break. Examples of barred and unbarred galaxies

are shown in Figure 4.2.

To minimize any bias caused by surface-brightness dimming at higher red-

shifts, we additionally employ a conservative luminosity cut when examining bar

fractions, choosing a minimum H absolute magnitude of −23.15 at z = 2. This

ensures that galaxy features can be detected within the sub-sample at all z < 2.

4BDS, TM, KWW, WCK, MR, KLM, RJS, EC
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Figure 4.4: Absolute H-band magnitude versus redshift for all sources with
H < 25.5 (contours in steps of 10%) and 876 disks (disk-parent sample; blue
triangles), of which 123 galaxies show clear evidence of a bar (bar-parent sam-
ple; green squares). To facilitate comparison between lookback times, avoid biases
due to surface-brightness dimming when calculating bar fractions, and ensure all
observed H-band flux is redward of the 4000 Å break, we select sub-samples
within the same region of the evolving galaxy luminosity function (Marchesini
et al., 2012) and 0.5 ≤ z ≤ 2 (parallelogram). Within this region there are 370
disk galaxies (disk-lz sample), 56 of which have clear evidence of bars (bar-lz
sample).
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We note that this is brighter than the knee of the rest-frame-V -band luminosity

function at this redshift (Marchesini et al., 2012). In order to examine similar

populations across our entire redshift range, we use a redshift-dependent lumi-

nosity cut based on selecting the same region of the evolving luminosity function

(corrected to observed H band; Blanton & Roweis 2007; Marchesini et al. 2012):

this selection is shown as a parallelogram shape in Figure 4.4. This final cut pro-

duces 370 not-edge-on disk galaxies within these luminosity and redshift bounds,

of which 56 have strong bar signatures. Hereafter we refer to these as the disk-lz

and bar-lz samples, respectively. We note that our results are robust to small

variations in the redshift and luminosity thresholds chosen for the sample. For

example, our qualitative result does not change if we use a fixed luminosity/stellar

mass range.

Completeness corrections

For galaxies within the luminosity ranges considered here and observed at the

depth of the CANDELS images (even the shallower “wide” fields), the composi-

tion of the final disk-lz sample is unlikely to be affected by surface brightness

dimming. Furthermore, the analysis in this chapter is concerned with large-scale,

strong galactic bars, which are less affected by surface brightness dimming or the

effects of diminishing resolution than weaker features (as explored in Melvin et al.

2014 - see Section 3.3.2). The result is a conservative selection with respect to

feature detection, in the sense that both strong bars in particular and disks with

features in general are unlikely to be missed.

However, it is necessary to account for the possibility that a substantial num-

ber of rotationally-supported disks with deceptively smooth distributions of light

(i.e., disk galaxies that are entirely lacking in ‘features’) might be present in the

sample. The presence of such a population would result in our measured bar

fractions (Section 4.3) being overestimates.

To estimate the maximum contamination from such a population, we examine

‘smooth’ galaxies. In particular, we examine a subsample of all galaxies within

our luminosity and redshift cuts (Section 4.2.4) with fewer than 30% of votes in

the first question (from a total of at least 30) for either ‘Features or Disk’ or

‘Star or Artifact’ (hereafter the smooth-lz sample). We assume this sample has

a mix of rotation-dominated and dispersion-dominated galaxies, and we assess

the maximum fraction of this sample that could reasonably be a disk population
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using measurements of axis ratios for these systems (Galametz et al., 2013; Guo

et al., 2013).

Typical low-redshift disk galaxies have minimum (i.e., edge-on) axis ratios

varying from 0.08 ≤ (b/a)min ≤ 0.2 (depending on bulge strength; e.g., Padilla

& Strauss 2008), and this minimum disk thickness likely increases somewhat for

disk galaxies at higher redshift (e.g., Schreiber et al. 2009; Law et al. 2009). To

account conservatively for the possible thickening of disks, we assume that all

featureless galaxies with axis ratios b/a ≤ 0.4 (i.e., ellipticities ε ≥ 0.6) are disk

galaxies. Assuming these are part of a randomly-oriented population of disks,

we use their expected distribution of axis ratios (Lambas et al. 1992; Binney &

Merrifield 1998; Padilla & Strauss 2008; Law et al. 2012) to constrain the fraction

of the smooth-lz sample that is composed of this hypothetical disk population.

This fraction is ≈ 19% for the full sample, and generally increases with redshift

within our limits between 15% and 25%. It should be noted this is likely an

overestimate of the contamination, as dispersion-dominated early-type galaxies

with smooth light profiles and low axis ratios certainly exist (Emsellem et al.,

2011).

In order to account for this possible contamination, we then apply these frac-

tions to that part of the smooth-lz sample that is consistent with the not-edge-

on selection described for the disk-lz sample above. We add those galaxy counts

to each redshift bin of the disk-lz sample. The completeness correction effec-

tively increases the size of the disk-lz sample to 525 galaxies. The bar fractions

derived in Section 4.3 are thus conservative lower limits.

4.2.5 Uncertainties and Measurement Errors

The goal of this study is to determine the fraction of the L > L∗ disk galaxy

population at redshifts 0.5 ≤ z ≤ 2 with strong bar features. We must therefore

account for several potential sources of uncertainty in the measurement of the

population bar fraction, which we discuss below.

Sampling errors

The potential errors come from sampling errors due to the fact that we cannot

sample the complete population of disk galaxies. When considering fractions of
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populations with a given attribute (such as a bar feature), the Normal approxima-

tion systematically underestimates proportional confidence errors when the true

population fraction approaches 0 or 1, especially for small sample sizes. On the

other hand, Cameron (2011) convincingly argues that an alternative and often-

used approach estimating wider confidence intervals in the case of small number

statistics (Clopper & Pearson, 1934; Gehrels, 1986) systematically overestimates

these confidence intervals. For that reason, Cameron advocates a Bayesian ap-

proach to binomial confidence intervals, which we adopt in this study to estimate

the uncertainty due to incomplete sampling. The full 68% confidence intervals for

bar fractions in this study range from 0.04 to 0.07 around the measured fractions

at each redshift. We additionally apply this method to re-calculate uncertainties

for all the previous studies of bar population fractions to which we compare our

results in Section 4.3.

Classification errors

Errors in visual classifications are greatly reduced by the Galaxy Zoo approach,

which combines multiple independent classifiers. Each of the galaxies in the disk-

parent sample have at least 40 independent classifications, enough that answers

given in the first few branches of the classification tree have converged to a stable

percentage of votes for a given feature (Willett et al., 2013). The selection method

using vote percentages has also been demonstrated in previous studies to be very

robust.

However, as described in Section 4.2.4, the volunteer classifications for the

fourth-tier question, which directly asks about bar features (Figure 4.1), are not

yet complete and have not uniformly converged in the disk-parent sample.

The bar classifications from 8 of the authors of this study are complete, but

the smaller number may introduce additional uncertainties into the measured

bar fractions. Specifically, the mean and median of the individually classified

population bar fractions are fully consistent with the bar fractions described in

Section 4.3, but the spread from individual classifiers ranges from σfrac, class ≈
0.04 to 0.07, depending on redshift bin.

Photometric redshift error

To explore the potential errors posed by using galaxies with photometric redshifts,

I resample the bar fractions of the disk-parent sample via a bootstrap method.
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Figure 4.5: Histograms showing resampled bar fractions in four redshift bins that
have been calculated by 105 bootstrap iterations of the disk-parent sample,
which explore the affects of photometric redshift errors on the sample. Also
shown are the observed bar fractions in each redshift bin for the original disk-
parent sample, along with their 68% Bayesian binomial confidence error, which
are derived from our small sample sizes alone.
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Bootstrapping is a statistical method where a population, in this case the disk-

parent sample, is resampled many times (typically a minimum of 103 times),

with the resampling in this case exploring how errors in photometric redshifts

affect the observed bar fraction.

More specifically to this work, the disk-parent sample is first split into two

categories; those with spectroscopic redshifts, and those with photometric red-

shifts. 316 galaxies from the disk-parent sample have spectroscopic redshifts,

and so I assume that these have negligible errors (i.e. ∆z = 0). Of the re-

maining 488 disk galaxies, there is a 92% chance that their photometric redshifts

have ∆z = ±0.017 errors, and an 8% chance they have a ‘catastrophic’ error of

0.2 ≤ ∆z ≤ 2. For the ∆z = ±0.017 errors, I assume that the sample varies

Normally around between the two extreme values. In terms of the catastrophic

errors, the sample is spread uniformly across the error range (0.2 ≤ ∆z ≤ 2).

In order to fully explore the parameter space and quantify the uncertainties, I

resample the disk-parent sample 105 times, using a Monte Carlo method to vary

the redshifts. For each resampling, I first re-calculate each galaxy’s luminosity

distance based on their resampled photometric redshift. I then use this value to

calculate the H−band absolute magnitude for each of these galaxies. Once the

resampled redshift and absolute H−band magnitudes have been recalculated, I

recombine these 488 disk galaxies with the 316 galaxies that have spectroscopic

redshifts. Finally, I apply the same redshift and luminosity criteria used for the

original disk-parent sample (see Section 4.2.4). Finally, the resampled disk-

parent sample is split into the same four volume limited bins as the original

sample, and the bar fractions is recalculated in each bin.

In Figure 4.5, I show a histogram of the 105 resampled bar fractions in each of

the four redshift bins. Also shown, above the histograms are the original observed

bar fraction values of the disk-parent sample for each redshift bin, along with

their 68% Bayesian binomial confidence errors (blue points), which are derived

from our small sample sizes alone, and do not incorporate errors in measurement,

such as from photometric redshift errors.

For each of the redshift bins in Figure 4.5, the spread in the resampled bar

fractions is less than∼ 0.03. As expected, the peaks of the resampled bar fractions

align well with the originally observed bar fraction, with the only anomaly being

the peak of the resampled bar fraction in the 0.72 < z < 1.0 being slightly lower

(∼ 0.01) than the observed value. I find that the binomial errors calculated for the
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observed disk-parent sample provide a satisfactory coverage of the resampled

bar fractions, despite not including the photometric redshift errors, although they

tend to underestimate the errors below the observed bar fractions.

This bootstrapping, along with the errors from sampling and classification

are combined to produce estimated 1σ uncertainties of 0.04 ≤ σfrac, comb ≤ 0.09,

which are shown in Figure 4.6, and provide a truer estimate in errors for our

measured bar fractions. Despite the bootstrapping showing that the binomial

errors do not completely cover the true errors of the observed bar fraction due to

photometric redshift errors, we will continue to show the binomial errors (calcu-

lated according to Cameron 2011), as these error bars provide a uniform context

to compare with the results from other studies.

4.3 Results

4.3.1 The fraction of barred galaxies up to z = 2

The fraction of disk galaxies with visually identified strong bars between 0.5 ≤
z ≤ 2 is∼ 10%, a figure that is robust to moderate changes in luminosity ranges or

vote fractions for detected features, lack of clumpiness, disk inclination angle, and

strong bar features. Figure 4.6 shows the bar fraction with lookback time, from

tlb = 5.0 Gyr (z = 0.5) to 10.2 Gyr (z = 2.0). The disk-lz sample encompasses

the same subset of the galaxy luminosity function relative to the evolving L∗.

This conservative selection to ensure detectability of features (or lack thereof) to

z = 2 means the galaxies examined here are all brighter than L∗ at their epoch.

4.3.2 Comparison with other work

Comparison with observations

Figure 4.7 shows the visually identified strong bar fraction versus redshift in the

context of other work, both observational and theoretical. Within the redshift

range where we overlap with other observational studies, the bar fraction is con-

sistent. However, the bar fraction with redshift appears to flatten at z > 1.

Within this sample, and given the uncertainties described in Section 4.2.5,

the bar fraction is consistent with zero evolution between 1 < z < 2. Many

studies of the bar fraction at z ∼< 1 find that the bar fraction does evolve, though
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Figure 4.6: Top panel: Bar fraction versus lookback time (black circles) for the
completeness-corrected disk-lz sample. Black error bars are 68% Bayesian bi-
nomial confidence intervals (Cameron, 2011); grey error bars are 1σ uncertainties
combining the binomial confidence intervals with uncertainties due to photomet-
ric redshift measurement error and classification error (described in Section 4.2.5).
Within the uncertainties, the bar fraction is consistent with no evolution from
0.5 ≤ z ≤ 2. Bins were chosen to enclose similar lookback time intervals; the bar
fraction across all bins (10.7+6.3

−3.5%, combined errors) is shown as a dashed line.
Bottom panel: absolute H-band magnitudes of the featured disk sample from
which the fractions are drawn.
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Figure 4.7: Fraction of disk galaxies having a strong bar feature versus redshift,
in the context of other work assessing visual strong bar fraction. All shading and
error bars indicate 1σ Bayesian binomial confidence intervals (Cameron, 2011);
where necessary, we have re-calculated uncertainties of other studies so that all un-
certainties shown here are based on the same method. Error bars for the Masters
et al. (2011) (blue cross) and de Vaucouleurs et al. (1991) (red diamond) fractions
are smaller than the size of the points and are omitted. At higher redshift, bar
fractions in this work (black circles) at z < 1 are consistent with those of Sheth
et al. (2008) (green squares) and Melvin et al. (2014) (purple triangles) despite
differences in selection methods and including our conservative completeness cor-
rection. Kraljic et al. (2012) computed the fraction of strong bars to z = 2 among
modelled disk galaxies that evolved to stellar masses M∗ ≈ 1010−11M� (shaded
region); the predicted bar fraction is consistent with that observed here within the
uncertainties, although we note that differences between simulated and observed
mass/luminosity ranges make direct quantitative comparisons more difficult.
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these findings are not unanimous (Abraham et al., 1996; Abraham et al., 1999;

Jogee et al., 2004; Elmegreen et al., 2004; Elmegreen & Elmegreen, 2005; Sheth

et al., 2008; Cameron et al., 2010; Melvin et al., 2014). Two independent studies

of the full COSMOS-ACS sample (Sheth et al., 2008; Melvin et al., 2014) show

that the fraction of visually identified strong bars decreases with redshift, from

approximately 35% at z = 0.2 to 15% at z = 1.

Comparison with simulations

Using zoom-in cosmological simulations of 33 field and loose group galaxies,

Kraljic et al. (2012) find that disk galaxies at z ∼> 1 are generally too dynamically

hot to become unstable to bar formation; this manifests itself as a decreasing bar

fraction with increasing redshift. Although the quantitative bar fractions in their

simulations depend on the threshold used to define a bar feature, the fraction of

disk galaxies hosting bars drops to zero, or near zero, by any definition they use

(Figure 4.7 shows their standard “strong bar” definition, which is the closest to

observational samples defined by visual classifications such as those here and in

previous work; Masters et al. 2011; Willett et al. 2013; Melvin et al. 2014). This

initially appears inconsistent with our results showing a low, but non-zero, bar

fraction. However, due to the very small number of simulated galaxies in Kraljic

et al. that are disk galaxies at z > 1, a complete lack of bar feature detection

within the subset of their sample identified as disk galaxies does not directly

predict a 0% bar fraction, and given the small sample the uncertainties quoted

in that study (using the Normal approximation) are likely underestimates. We

have re-calculated the uncertainties quoted in Kraljic et al., using the Bayesian

approach to compute binomial confidence intervals (Cameron, 2011) discussed in

Section 4.2.5. Given this approach, the lack of detection of bars at z > 1.5 in the

simulations is consistent with a bar fraction of up to ≈ 30% at these redshifts,

within the recalculated 68% confidence intervals (shown in Figure 4.7).

We also note that the galaxy masses and luminosities used in the simulations

were on average lower than those examined in this work: the model galaxies in

the simulations reached M∗ ≈ 1010−11M� at z = 0, whereas the galaxies in the

disk-lz sample are within that stellar mass range by 0.5 ≤ z ≤ 2 (Ilbert et al.,

2009; Whitaker et al., 2011; Hartley et al., 2013). This makes a direct comparison

between the simulations and this work more difficult, as bar fraction also depends

on stellar mass (Sheth et al., 2008; Melvin et al., 2014). Kraljic et al. predict
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that massive disk galaxies will be more likely to form bars at higher redshift than

lower mass disk galaxies due to higher-mass galaxies reaching dynamical maturity

at earlier epochs. This is qualitatively consistent with our finding that the bar

fraction at z ∼ 2 may be as high as 11% within 1σ combined uncertainties (Section

4.2.5), but a direct and quantitative theoretical comparison to our observational

result is currently not possible given available simulations. Expanded simulations

encompassing galaxies with higher stellar masses would help to advance this field

further.

4.4 Discussion

Our results agree with previous work that the main epoch of disk settling (and

thus bar formation) in the disk galaxy population begins at z < 1. However, bars

are not completely absent beyond z = 1, as predicted by Kraljic et al. (2012),

with bars present out to z ∼ 2.

The masses probed by our sample (10 ∼< logM∗[M�] ∼< 11.3) suggest that,

even at this epoch (∼ 3 − 4 Gyr after the Big Bang), there are disk galaxies

that are massive enough to have become dynamically cool, and therefore mature

enough to form and maintain a stellar bar via a disk instability. If this is true,

then simulations tell us that such bars would most likely be long-lived structures,

which are analogous to those observed in our local universe (e.g. Combes &

Sanders 1981; Debattista et al. 2006, and Saha & Naab 2013).

However, from exploring the bar fractions alone, the true nature of these

bars is unclear. Whilst it is plausible that there are massive disks that could

have formed large scale bars observed at this epoch (z > 1), it is not the only

formation mechanism theorised for bar formation in disk galaxies. Several works

(e.g. Gerin et al. 1990; Salo 1991; Berentzen et al. 2003, 2004, and Luna-Sánchez

et al. 2014) show that a bar can be induced by a galaxy-galaxy interaction in a

disk galaxy, whether it is dynamically warm or cold. As the density of galaxies

is higher at this epoch, the likelihood of a galaxy experiencing a minor or major

merger is also increased, and so it is also possible that the bars we observe have

been induced by such a mechanism. Furthermore, in their simulated sample,

Kraljic et al. indicate that bars formed at z > 1.5 tend to undergo short cycle

of formation and destruction. Such a pattern is indicative of bars formed in

dynamically warm, gas rich disks, as these disks would typically form weaker,
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Figure 4.8: Postage stamp images of disk galaxies from the highest redshift bin
(1.25 < z < 2.0) that have been classified as barred (pbar >= 0.5).

shorter bars that would buckle after a short amount of time (i.e. Berentzen et al.

1998).

Therefore, the incidence of bars in massive high-redshift disks may be due

at least in part to galaxy interactions and mergers, combined with shorter bar

lifetimes due to dynamically warmer disks. This scenario is more probable at

the higher redshifts we observe (z > 1) due to the increased merger rates, es-

pecially minor merger rates (which are the most likely mechanisms in triggering

bar formation), of galaxies during this epoch. Whilst this increased likelihood of

galaxy-galaxy interactions may lead to bars being induced in dynamically warm

disks, there is also the possibility that bars can also be destroyed by such interac-

tions, depending on the particulars of the interaction (Noguchi, 1988; Gerin et al.,

1990; Berentzen et al., 2003, 2004). The relative likelihood of these contrasting

end results, combined with the incidence of minor mergers among this popula-

tion at z ∼< 2 (e.g., Lotz et al. 2011), may combine to produce a net effect that

stabilises the bar fraction at fbar ∼ 10% during this epoch of galaxy assembly.

Among the galaxies in the highest redshift bin of the sample (see Figure 4.8,

2 of the 8 barred galaxies appear to be undergoing an interaction or merger

(images b and e in Figure 4.8), and another 2 appear tidally disturbed, possibly

by a nearby companion (images g and h in Figure 4.8). This may suggest these
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bar features are merger-induced; on the other hand, mergers and interactions are

not particularly rare during this epoch of galaxy assembly, so their appearance in

the same galaxy population during the same epoch does not necessarily indicate

a causal link.

To investigate this further, we examined the distributions of Galaxy Zoo vote

fractions for the question “Is the galaxy currently merging or is there any sign of

tidal debris?”, a second-tier question in the classification tree to which the possi-

ble responses are “Merger”, “Tidal features”, “Both”, or “Neither”. Kolmogorov-

Smirnov tests between the barred and unbarred disk galaxy samples in any red-

shift bin for vote fractions for responses fmerger, ftidal, fboth, and the sum of these

fractions, are inconclusive (typical p ∼ 0.4, with 0.08 ≤ p ≤ 0.92 among the K-S

tests, meaning the null hypothesis cannot be ruled out for any test).

Resolving the question of whether shorter-lived bars are triggered by interac-

tions and/or mergers may be possible in the future, once the addition of images

from the remaining CANDELS fields have been added to the Galaxy Zoo sample,

and the full Galaxy Zoo: CANDELS data has been reduced.

4.5 Summary

Using visual classifications of rest-frame optical HST galaxy images from the

ongoing Galaxy Zoo: CANDELS project, we examined for the first time the

fraction of disk galaxies hosting a bar feature to z ∼ 2 in order to trace the

dynamical state of disks as early as ∼ 3 Gyr after the Big Bang. We find that

the bar fraction to z ∼ 1 is consistent with previous studies using similar analysis

methods.

At z > 1, the bar fraction is approximately 10% and consistent with no

evolution to z ∼ 2. This is qualitatively consistent with the predictions of zoom-

in cosmological simulations, although further work is needed to determine whether

simulations of disk galaxies with L > L∗ predict the same quantitative strong bar

fraction at z < 2.

That the bar fraction from 0.5 < z < 2 appears to be small but constant

among massive disk galaxies implies that massive disk dynamics do not rapidly

change on average over this period. Further clarification may come in the future

when additional detailed morphological classifications of deep z ∼ 2 rest-frame
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optical galaxy images are available. Future comparison with independent mor-

phologies of the same galaxies (e.g., Kartaltepe et al., 2015) as well as additional

simulations will help provide a more nuanced understanding of the underlying

physical causes of this apparently stable bar fraction.



Chapter 5

Assessing the impact of redshift

on quantitative visual

morphology

5.1 Introduction

This thesis explores how the population of disk and barred disk galaxies have

evolved over several billion years. Tracing the evolution of a population of galaxies

over a large period of time, and therefore distance, has the potential to be biased

by several observational effects. The aim of this chapter is to present a recipe

that can be followed in order to identify, and then correct for, the effects of

observational biases on morphological classifications.

I will begin the chapter by describing the main observational biases that affect

morphological classifications, both visual and automated, at high redshifts (i.e.

z > 0.1). In Section 5.3, I will describe a general recipe that can be followed in

order to debias morphological classifications for any set of high redshift galaxies,

before applying this prescription to the specific case of debiasing the visual mor-

phological classifications of the Galaxy Zoo: Hubble galaxy catalogue. I describe

the ideal control sample required for this process in Section 5.4, before describing

the construction of the control sample in Section 5.5.

I will first explore how the bar fraction evolves with redshift for the control

sample, comparing the observations with those presented in Chapter 3. In Sec-

tion 5.7, I will use the control sample to identify which galaxies in the GZH

128
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catalogue can have their morphological classifications debiased. Within this sec-

tion, which has been conducted in collaboration with the Galaxy Zoo science

team, I will show how correctable galaxies are identified, and how a correction

to their pfeatures classification is calculated. In Section 5.8, I will present the first

use of the debiased GZH galaxy catalogue: the debiased redshift evolution of the

bar fraction.

In Section 5.9, I will revisit the recipe described in Section 5.3. Here, I will

evaluate how the methods used to debias the GZH catalogue fared, and how

they could be adapted for improved for current, and future attempts at debiasing

galaxy morphologies. Finally, in Section 5.10, I will summarise my work, and

discuss potential further work that could be carried out to improve the current

method for debiasing the GZH catalogue.

5.2 Expected observational biases

Observing any properties (including morphology) of galaxies at high redshifts

and comparing them to low redshift observations includes physical effects, such

as galaxy evolution, as well as observational effects. In order to explore the phys-

ical effects that galaxy evolution has on the morphological evolution of galaxies,

potential observational effects that may bias this analysis need to be understood.

Here, I discuss the three main effects that may bias any high redshift galaxy

sample.

5.2.1 Surface brightness dimming

The surface brightness (µ) of a galaxy is simply the flux emitted by a galaxy

divided by the area of the galaxy, and is calculated as follows;

µ =
F

∆Ω
, (5.1)

where F is the flux of a galaxy, and ∆Ω is the solid angle area it subtends on

the sky. As galaxies tend to have no obvious edges, the area is calculated using

a defined radius for each galaxy (i.e. Petrosian radius [Petrosian 1976], or a radii

containing a given percentage of the light emitted). Typically, elliptical galaxies

are more concentrated than disk galaxies. Therefore, an elliptical galaxy which
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emits the same flux as a disk galaxy would have a higher surface brightness. Addi-

tionally, morphological structures within disk galaxies also have different surface

brightness values (i.e. bulges and bars typically have higher surface brightness

values than the main part of the disk).

Looking at Equation 5.1, one might assume that the surface brightness of

a given galaxy measured at increasing distances away would remain the same,

as both the flux and area decrease by the factor of 1/distance2 (i.e. as the

galaxy becomes more distant, its flux decreases, but so too does its area by the

same degree, thus the surface brightness remains constant). However, due to the

expansion of our Universe, this only holds for galaxies in our very local universe

(i.e. those at z = 0).

For observations of galaxies at higher redshifts, including those at redshifts

observed in this thesis, the evolution of surface brightness with redshift is depen-

dent on how the Universe expands, and thus how the observed flux and area of

a galaxy are affected by this expansion. The redshift evolution of each of these

observables can be calculated using the luminosity distance, DL, and angular

diameter distance, DA, respectively.

The luminosity distance provides information of how the measured apparent

magnitude of a galaxy relates to its absolute magnitude. In terms of the flux, F,

and luminosity, L, of a galaxy, it is defined as;

F =
L

4πD2
L

. (5.2)

The angular diameter distance links the true size of a galaxy, x, and the

angular size of the galaxy, θ, as viewed from Earth, and is given by;

θ =
x

DA

. (5.3)

However, for the case of calculating the surface brightness, the solid angle,

∆Ω, subtended by the galaxy is required. This is simply given by the area of the

galaxy divided by the distance squared to the source, or;

∆Ω =
x2

D2
A

, (5.4)

where x is the physical diameter of the galaxy, which is assumed to be circular

in shape.

When substituting Equations 5.2 and 5.4 back into Equation 5.1, we get the
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Figure 5.1: Top panel shows the relationship the dimensionless luminosity dis-
tance (DL/DH) has with redshift. Bottom panel shows the relationship the di-
mensionless angular diameter distance (DA/DH) has with redshift. Here, DH is
the Hubble Distance (DH = 4, 283 Mpc). For both plots I assume the following
cosmology; H0 = 70 km s−1 Mpc−1, Ωm = 0.28, and ΩΛ = 0.72 (Bennett et al.,
2013).
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following relationship:

µ =
LD2

A

4πx2D2
L

. (5.5)

Therefore the evolution of surface brightness with redshift is dependent on

D2
A/D

2
L.

Both the luminosity distance and the angular diameter distance can be related

to redshift via the transverse comoving distance, DM :

DA =
DM

1 + z
, (5.6)

DL = DM(1 + z). (5.7)

The relationships of DA and DL with redshift (up to z = 1, as this is the upper

redshift limit of the GZH catalogue) are shown in Figure 5.1. Each increase up

to z = 1, but their increases are not identical to each other. This becomes

more apparent beyond z = 1, as DA turns over at z ∼ 1, whilst DL increases

indefinitely.

The increase of DL with redshift is due to two 1 + z factors entering the

equation; one because the energy of each photon decreases by that factor, and

the other because the time between photon arrivals also increases by the same

factor. The differing trend for DA, most notably the turn over at z ∼ 1, is

due to the fact that the Universe has grown in size. This means that a galaxy

observed when the Universe was much younger would occupy a bigger fraction

of the Universe, compared to if it was observed at a lower redshift. Since the

emission of the galaxy at any redshift fills the whole sky, it will appear larger at

higher redshifts, and so DA becomes smaller.

When substituting Equations 5.6 and 5.7 back into Equation 5.5, the rela-

tionship between surface brightness and redshift is found to be;

µ ∝ (1 + z)−4. (5.8)

For the redshift range explored in this thesis (0.3 ≤ z ≤ 1), Equation 5.8 tells

us that the change of surface brightness with redshift is significant. With roughly

a factor of six decrease across this redshift range, surface brightness dimming

is likely to play a big role in how morphologies of galaxies are perceived, and
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therefore classified.

Typically, as described by Freeman’s Law (Freeman, 1970), the central surface

brightness of the exponential component (i.e. the outer disk component) of disk

galaxies are all similar, ranging from ∼ 21 − 23 mag/arcsec2 in the rest-frame

B-band (also shown by Fathi 2010 in a more recent study of ∼ 30, 000 SDSS disk

galaxies). As bars have a higher surface brightness than disks, it is the fading

of the disk which is going to have the largest effect on visual morphology. This

implies that the loss of faint and/or featureless disk galaxies from a disk galaxy

sample will be much greater than the loss of barred disks. The resultant effect

of surface brightness dimming on the observed bar fraction evolution presented

in Chapter 3 is that this is likely to be an underestimate of the true trend in bar

fraction evolution, especially towards higher redshifts, where the effects of surface

brightness dimming become greater, thus decreasing the bar fraction further.

Sheth et al. (2008) previously explored the effect of surface brightness dimming

on the detectability of bars in the HST COSMOS galaxy catalogue. In their

work, Sheth et al. point out that an outer disk isophote has a limiting surface

brightness of µI = 24.5 mag/arcsec2. They find that the signal-to-noise value

reached for a µI = 24.5 mag/arcsec2 isophote that is fading with redshift due to

surface brightness dimming remains high enough for the disk to remain detectable

out to z = 1 in the COSMOS field. This is true for all disks with luminosities

greater than L∗, and that span a full range of SED fits (early-type disk through

to starburst disk galaxies).

Whilst surface brightness dimming has a large effect on how the morpholo-

gies of dimmer galaxies (i.e. those with less than L∗) appear, brighter galaxies

(those that are greater than L∗) will be less affected. The galaxies that form

the GZH disk galaxy catalogue, which were selected using a conservative mass

selection (log(M?/M�) ≥ 10), should not be significantly affected by the loss of

undetectable disks, as they are all massive disks. However, in order to debias

the entire GZH catalogue, surface brightness dimming will play a role in how

the morphologies of galaxies are perceived, which will increase in lower intrinsic

luminosity galaxies.

5.2.2 Resolution limitations

The resolution, θ, of a telescope is defined by;
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θ = 1.22
λ

D
, (5.9)

where λ is the wavelength of the detected light, and D is the diameter of the

aperture. For a given telescope, with a known aperture diameter, the resolution

describes its ability to distinguish, and resolve a galaxy, and its finer substructure.

As physical resolution decreases, the ability to morphologically classify a galaxy

diminishes too. A galaxy that may have obvious features, such as a bar, spiral

arms or tidal tails, would be seen, and therefore classified as, a smooth galaxy

if it was imaged by a telescope that has resolution worse than the projected

scale of these features at the distance it is observed. For galaxies that are at

large distances, all substructure and overall morphology may be lost, and thus

identifying actual morphology could be impossible.

The ability to resolve galaxies and their substructures is dependent on two

factors; the spatial resolution of the telescope, which is fixed and defined by

the optics and the location of the telescope, and the physical scale an arcsecond

subtends to at a given redshift (see Equation 5.3). For the Advanced Camera

for Surveys (ACS) instrument on board the Hubble Space Telescope, structures

as small as 1 kpc are resolvable at z = 1 (see Figure 2.2). The physical resolution

capabilities of the HST are therefore comparable to those of the SDSS in the local

universe, which has a physical resolution of 2.2 kpc at z = 0.04. It is worth noting

that for a ground based telescope, such as the SDSS, it is atmospheric blurring,

or ‘seeing’, that limits how well galaxies and their features can be resolved, not

the theoretical limiting resolution described in Equation 5.9.

The resolution capabilities of the ACS are ideal for detecting galactic bars at

z ∼ 1, whose sizes in the local universe are greater than 2 kpc (Elmegreen &

Elmegreen, 1985; Barazza et al., 2008; Aguerri et al., 2009; Hoyle et al., 2011).

Therefore, all galactic bars should be visible, and classifiable at all epochs ex-

plored in this thesis, and so the redshift evolution presented in Chapter 3 should

not be affected by resolution effects. However, for the full GZH catalogue, where

certain galaxies that have sub-kiloparsec substructures, such as clumps of star

formation, limiting resolution will affect the perceived morphologies, and there-

fore classifications of galaxies. This is due to the sub-kiloparsec features being

smoothed out by the lack of spatial resolution, and would therefore likely be

classified as visually smooth galaxies, rather than having a visible disk or fea-

tures. Indeed a surprising fraction of smooth disks are identified in Galaxy Zoo:
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CANDELS (Simmons et al., in prep.), which implies they contain only structures

smaller than the resolution limit of CANDELS imaging.

5.2.3 Band shifting

Band shifting is a consequence of the expansion of the universe: the light of a

galaxy we observe has been stretched and shifted to longer, redder wavelengths

since it was emitted. The more distant the galaxy, the further redward its light

has been shifted, such that;

λobs = λemit(1 + z). (5.10)

The varying shifts in bands depending on a galaxy’s redshift means the pho-

tometric information we gather in each observed band must be corrected to a

common frame if we wish to compare certain properties of galaxies that are dis-

tributed across a wide redshift range (i.e. those in the COSMOS field).

When considering only the measured flux of a galaxy, a correction can be

applied to account for the effects of band shifting. This correction is called the

k-correction, KQR, and is applied to a measured luminosity in a bandpass, R,

observed at a redshift, z, to derive a desired bandpass, Q. The standard equation

for this is;

mR = MQ +DM +KQR, (5.11)

where DM is the distance modulus, defined by;

DM = 5 log10

[
DL

10pc

]
, (5.12)

where DL is the luminosity distance (parsecs).

However, whilst this correction informs us of the rest-frame flux in the correct

band for a given galaxy, it does not correct for the possible change in the observed

morphological appearance of a galaxy due to the redshifting of its emitted light,

meaning that a fixed observed frame wavelength range probes bluer and bluer

emitted light.

As Equation 5.10 demonstrates, the light collected by the ACS F814W filter

becomes increasingly dominated by younger, bluer stars as a galaxy is observed

towards higher redshifts. For example, a galaxy observed in the F814W filter at
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z ∼ 0.2 (the closest galaxies in the COSMOS field) emitted its light at ∼ 6500Å

(roughly SDSS r−band), whilst a z ∼ 1 galaxy observed in the F814W filter will

have emitted this light at ∼ 4000Å (corresponding to the SDSS u− or g−band

filter). The result of this is that G and K class stars would dominate the observed

light for a galaxy observed at z = 0.2, whilst F class stars would dominate the

observed light for a galaxy observed at z = 1.

As different stellar populations are typically associated with different morpho-

logical substructures of a galaxy, band shifting could affect the observed morphol-

ogy of a galaxy. As galaxies observed at higher redshifts are observed at bluer

wavelengths, areas of star formation, such as in the spiral arms, could become

more prominent than older, redder structures, such as stellar bars. Similarly, the

opposite could occur for galaxies observed at lower redshifts, with older, redder

populations dominating the observed light, and thus older structures being more

prominent than younger, star forming structures.

Whilst band shifting could possibly affect how the morphology of a galaxy

appears to a GZ volunteer, the quantitative extent of this is unknown. Studies

comparing the morphologies of low redshift galaxies across a range of wavelengths

found that galaxies appear clumpier when observed in a far ultraviolet (FUV)

filter compared to optical filters (Kuchinski et al., 2000). Additionally, Kuchinski

et al. conclude that internal structures, such as bulges, bars and spiral arms,

become fainter in FUV images. Specifically in the case of galactic bars, Sheth

et al. (2008) found that barred structures become more difficult to observe and

identify in the SDSS u−band when compared to observations made by the griz

filters, with the strong bar fraction for a sample of 139 disk galaxies dropping

from 60% in the griz filters, to 40% in the u−band. Towards longer wavelengths,

Buta (2011) show that galaxies and their features appear smoother when observed

through an infrared filter (I−band), compared to the optically imaged version of

the galaxy. However, for both the IR and optical images, the internal features of

a disk galaxy remain visible in both images.

Whilst the wavelength a galaxy is observed at can affect the how the mor-

phology appears to a volunteer, features are present for IR and optically imaged

galaxies, which are is the rest-frame wavelengths that GZH images span. It is only

when galaxies are observed at rest-frame FUV filters that their morphologies ap-

pear considerably different, and clumpier, but these filters are considerably bluer

than those used for GZH galaxy images. Therefore, evidence suggests that, for
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the redshift range spanned by the GZH catalogue, band shifting does not play a

large role in affecting how the morphology of each GZH galaxy appears. For this

reason, when correcting the GZH galaxy catalogue, I will predominantly focus on

removing observational biases caused by surface brightness dimming and limiting

resolution.

5.3 A prescription for debiasing morphological

classifications

The observational biases discussed in the previous section will have an impact

on any method of morphological classification. In this section I will provide one

method that can be used to debias the morphological classifications of galaxies;

that of artificially redshifting a sample of low redshift galaxies to measure mor-

phological change caused by observational bias alone. Whilst this is not the only

method for completing such a task, it is general enough so that it can be applied

to any high redshift galaxy catalogue.

5.3.1 Designing an ideal control sample

The first step in addressing, and correcting for, the effects of observational biases

on morphological classifications is to construct an ideal control sample. The final

requirements are likely to be dependent on the method used for morphological

classification. However, there are certain requirements of a control sample that

must be met for all galaxy catalogues that require debiasing.

The first of these is to ensure that any errors introduced by the control sample

are considerably smaller than the raw errors in the morphological classifications

(i.e. making sure that the systematic errors are smaller than the statistical errors).

Of course, the number of galaxies will partly drive the systematic errors, implying

we desire the largest practical sample.

Practical limitations, such as observational realities, the ability to obtain mor-

phological classifications, available computational power, will all limit the number

of control galaxies that can be generated. It is important that the reader iden-

tifies any limitations before commencing with future steps of this recipe, as a

reduction in control sample size will change their expected systematic errors.
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5.3.2 Identifying a sample of observed galaxies to artifi-

cially redshift

With an ideal control sample size identified, the next step is to try and create this

sample. The first step in this particular process is to identify a suitable sample

of observed galaxies that can be artificially redshifted. Currently, for debiasing

catalogues that span up to z = 1, galaxies within our local universe (z < 0.1) are

the most suitable, as the number of low redshift galaxies observed is suitably large,

and the resolution sufficient enough for galaxies, and their internal structures, to

be observed. For catalogues with galaxies that are at higher redshifts than this

(z > 1), galaxies in our local universe may not suffice, and so higher redshift

galaxies may be a better option1, although the smaller number of high redshift

galaxies observed with suitable resolution may limit the success of this.

In order to create a control sample of artificially redshifted galaxies, the sam-

ple of low redshift galaxies must have certain properties. Firstly, they must be

suitably resolved, such that any substructural features they have are clearly seen.

If these features are not clearly resolved in their current low redshift form, then

they will appear fuzzy, and predominantly featureless when artificially redshifted,

which would be useless in addressing the effects of observational biases on mor-

phological classifications. Essentially, this means that the physical resolution of

these galaxies must be high in order for features to still be visible when they are

artificially redshifted.

The second requirement of the low redshift galaxy sample is that it spans a

wide range of properties (i.e. stellar masses, magnitudes, sizes, morphologies) to

maximise the coverage of properties of the high redshift galaxy sample. This step

is necessary for the debiasing of a complete high redshift galaxy catalogue.

When identifying the low redshift galaxy sample, it is important to take into

account the computational power will be required to artificially redshift the whole

sample. Additionally, this will not just be one artificially redshifted galaxy cre-

ated for each low redshift galaxy. Instead, each low redshift galaxy will be artifi-

cially redshifted several times, at a range of increments in order for the effects of

observational biases on morphological classification to be addressed correctly.

To highlight the extent of this, for the GZ2 sample of 250,000 galaxies to be

artificially redshifted from z = 0.3−1.0 in δz = 0.1 increments, 2 million galaxies

1There are currently no works that have artificially redshifted galaxies beyond z ∼ 1 in order
to debias their galaxy catalogue.
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would be created. If each artificially redshifted image could be produced within

one second2, a total of ∼ 23 days would be required to produce the 2 million

galaxies. Furthermore, the sample of artificially redshifted galaxies will also need

to be morphologically classified, which will require additional computational or

human time. Typically, the required low redshift sample would be smaller than

the size of the GZ2 catalogue, with this extreme sample size chosen to highlight

potential computational time required.

It is also worth noting that the reader may prefer to focus on debiasing the

morphological classifications for one specific galaxy type (i.e. barred disk galax-

ies). If this is the case, then the selection of low redshift galaxies to be artificially

redshifted may not need to span such a wide range of properties. If this is the

case, the size of the low redshift sample required to make the control sample will

be considerably smaller, and the computational time required to construct the

control sample will also be reduced.

To summarise, it is important that the size of the sample of low redshift galax-

ies selected to be artificially redshifted is both suitable to fulfil the requirements

of the ideal control sample, but not so large that the process of creating the

artificially redshifted galaxies becomes unfeasible.

5.3.3 Creating a control sample of galaxies

Once a sample of low redshift galaxies has been selected, they must be artificially

redshifted across the redshift range explored by the user (i.e. 0.3 ≤ z ≤ 1.0 for this

thesis). To address the effects that observational biases have on morphological

classifications, there must be several increments at which artificially redshifted

galaxies are produced, so that morphological changes in the control sample can

be tracked. The exact number of increments requires a balance: too many will

require a lot of computational power; too few will not cover the redshift range

being explored to a sufficient level for corrections to be made. Again, the sample

size of the low redshift galaxies that will be artificially redshifted also plays a part

in this decision. Using the example sample size from the previous chapter, where

2 million control sample galaxies are created, and each image is created within 1

second, increasing δz redshift increments from δz = 0.1 to δz = 0.05 would double

the output to 4 million galaxies, thus doubling the required computational time

2As a reference, each artificially redshifted galaxy produced for debiasing the GZH galaxy
catalogue took an average of 20 seconds to be made.
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to ∼ 46 days.

The main steps that should be included in artificially redshifting a galaxy are

two-fold. Firstly, the artificially redshifted galaxy images should have properties

that are similar to those of the galaxy images in the observed catalogue. This

will involve adjusting the pixel scale, PSF, and background of the low redshift

galaxy images. Secondly, observational biases discussed in Section 5.2 should

be incorporated into the process. This will dim the galaxies significantly, so a

luminosity correction may be required for galaxies to be visible when artificially

redshifted (I note that high redshift galaxies have higher SFRs and younger stellar

populations than low redshift galaxies, so will be more luminous at the same mass

[e.g. Oteo et al. 2013]).

The result of this process should be a control sample of galaxies that span

the intended redshift range at suitable increments. The images of these galaxies

should be visibly similar to the observed galaxies, with comparable sizes, features,

and background noise.

5.3.4 Classifying the artificial galaxy sample

The final step in producing a suitable control sample is to morphologically classify

the artificially redshifted galaxies. For this stage, it is obviously important that

the method used to classify the artificial galaxy sample is the same as was used

when classifying the observed high redshift galaxies, whether this was by eye, or

through an automated method.

If the prescription presented above is followed, then the reader will have two

samples of galaxies to analyse: a set of observed high redshift galaxies whose

evolutionary trends maybe be due to true galaxy evolution, observational biases,

or a combination of the two; and a set of artificially redshifted galaxies, where

any trends observed will be due solely to the effects of observational biases. In

comparing the two samples through methods they deem suitable, the reader will

be able to debias the morphological classifications within their observed galaxy

catalogue.

For the remainder of this chapter I will present a detailed description of how

I, along with the Galaxy Zoo science team, follow this recipe in our first attempt

to debias the visual morphological classifications of the GZH catalogue. Whilst

these sections will solely focus on this specific case, I will revisit the steps set

out in this section in Section 5.9. Here, I will describe the pros and cons of the
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methods used for each step, and how they can be applied to future attempts at

debiasing the morphological classifications of high redshift galaxy catalogues.

5.4 Quantifying redshift biases for Galaxy Zoo:

Hubble visual morphologies

Both Galaxy Zoo 1 (GZ1; Bamford et al. 2009) and Galaxy Zoo 2 (GZ2; Willett

et al. 2013) found that biases in visual classifications were present across the

redshift ranges explored (0 < z < 0.25). Over this time period, which corresponds

to 3 Gyrs of cosmic history, the distance at which galaxies are observed vary,

but there is not expected to be any significant evolution of the population of

galaxies. This leads to galaxies having lower apparent brightnesses, as well as

having reducing apparent sizes out towards higher redshifts.

In order to debias the GZ1 catalogue, Bamford et al. made the assumption

that the distribution of galaxy morphologies should be the same across set redshift

and magnitude bins. They found that, for the brightest galaxies, the fraction of

the galaxy population that is either early-type, spiral, merger, or ‘don’t know’

remains constant across the full redshift range explored, thus concluding that

the brightest galaxies are largely unaffected by potential observational biases.

However, for galaxies that have lower magnitudes, the fraction of the galaxies in

each population is not constant, with spiral galaxies more likely to be classified

as either early-type or ‘don’t know’ towards higher redshifts. With these trends

identified, Bamford et al. were able to debias the vote fractions of the GZ1

catalogue, and in turn produce classifications whereby the fraction of the galaxy

population that were classified as early-types or spirals remained constant across

all redshifts, as originally expected.

For GZ2, which identifies the morphology of each galaxy’s substructure in

more detail, Willett et al. again assumed that the distribution of galaxy mor-

phologies should be the same across set redshift and magnitude bins explored.

They found that, towards higher redshifts, classifications of all morphological

features were affected by observational biases, but it was the answer to the first

question in the tree (whether a galaxy is smooth or has a disk/features) that

required the largest correction (i.e. once features were identified, they could be

described).

As with GZ1, the fraction of the galaxy population that are classified as having
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a disk or features reduces towards higher redshifts, typically being classified as

smooth instead. For other questions in the GZ2 decision tree that would affect

whether galaxies would be classified as being part of a disk sample, the correction

for whether a galaxy is edge-on is negligible, and the correction for whether a

galaxy is barred is also small (δpbar = ±0.05).

There are two things to note regarding the corrections made for the GZ1 and

GZ2 catalogues. Firstly, although the sample extends to z = 0.2, for galaxies at

z > 0.085 limiting resolution begins to affect classifications. Beyond this redshift,

not enough information is known about a galaxy to accurately apply a correction

(i.e. if a galaxy is classified as smooth is that because it is truly smooth, or does

it appear smooth due to poor resolution?). Therefore, even over this redshift

range, a suggested upper redshift limit for which galaxies are accurately debiased

is given.

Secondly, in both GZ1 and GZ2, it is assumed that galaxies do not evolve

over this epoch, with this assumption being supported by observations (e.g. see

Faber et al. 2007 who measured a non-evolving luminosity function across this

redshift range). Whilst this assumption holds in the local universe, the same

is not true for the redshift range explored in this thesis (e.g. Marchesini et al.

2012). There is no formal analytical model that predicts how the morphologies

of galaxies evolve with cosmic time, although N-body simulations (e.g. Illustris,

Nelson et al. 2015) are beginning to make predictions.

5.4.1 Requirements of a control sample

To explore the visual morphological classifications of the GZH catalogue, I will

create a control sample of galaxies by following the prescription described in

Section 5.3. However, before doing this, I must first assess what the requirements

are in order to create a suitable control sample.

For given questions in the GZH decision tree, specifically those explored in

this thesis, there are typically two answers a volunteer can give to a question

(i.e. whether a galaxy is barred or unbarred). It can also be assumed that this

is also true for the first question in the tree (Is the galaxy simply smooth and

rounded, with no sign of a disk?). Although there are three options (smooth,

disk/features, artifact), all objects with large partifact values are removed (as they

are not galaxies), with the remaining galaxies having very low partifact values, so

it can be assumed that psmooth and pfeatures add up to ∼ 1 (i.e. there are two
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Figure 5.2: Binomial errors for a given set of pvalues ranging from zero to one.
The errors are shown for when 40 (blue), 20 (green), and 10 (red) volunteers
have answered a given question. The horizontal dashed lines for each sample size
represents the largest binomial error at p = 0.5. As most galaxies within the GZH
catalogue are classified by ∼ 40 volunteers, this figure shows that the maximum
error in morphological classification is ±8%.
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possible answers). Therefore, the error (δp) on a GZ morphological classification

can usually be described as a binomial error. This is given by;

δp =

√
pvalue × (1− pvalue)

Nclassifications

, (5.13)

where pvalue is the expected likelihood of a given classification, and Nclassifications

is the number of volunteers who answer said question.

Figure 5.2 shows the maximum binomial error for a given question in the GZ

decision tree (where only two answers are possible) for the full range of pvalue (i.e.

0 − 1) for three possible sample sizes; 10, 20, and 40 classifiers. These sample

sizes represent different tiers of the GZH decision tree;

N = 40: the median number of volunteers classifying a galaxy in the GZH cat-

alogue, and thus the median number of classifications given for the first question

in the GZH decision tree to determine whether a galaxy is smooth or has features

and/or a disk. The error of the morphological classification at pvalue = 0.5 for a

sample of 40 classifications is δp = ±0.08.

N = 20: as I require at least half of the volunteers to respond to question

one in the decision tree, this is the minimum number of classifications given for

second tier questions in the tree (i.e. whether a galaxy is clumpy in appearance).

The error of the morphological classification at pvalue = 0.5 for a sample of 20

classifications is δp = ±0.11.

N = 10: again, I require at least half of the volunteers who answered the previous

question to agree in order to get to a third tier question in the tree (i.e. whether

a galaxy is barred/unbarred). This determines whether a galaxy is selected as

part of my disk or barred disk galaxy sample. The error of the morphological

classification at pvalue = 0.5 for a sample of 10 classifications is δp = ±0.16.

As my sample selections in previous chapters have all had thresholds of pvalue ≥
0.5 for each question used in the decision tree, I have marked this by a vertical

dashed line in Figure 5.2. This point is where the largest binomial error can be

found, and is marked by a horizontal dashed line for each sample size. It is also

around this threshold where a galaxy may be wrongly included or excluded from

my sample due to the error in its classification.

For example, a galaxy with pvalue = 0.45 would be excluded from my sample,

when applying the pvalue ≥ 0.5 threshold. However, given that the error is 0.08

(for N = 40, and larger for smaller samples; see Figure 5.2), there is a chance
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that this galaxy should be part of my sample. Towards either end of the scale

(i.e. pvalue = 0.1 or 0.9), the error is much smaller, and so, even with this error

taken into account, the galaxy would be correctly included or omitted from my

sample.

As previously mentioned, in order to debias the morphologies of a GZH galaxy,

a minimum number of artificially redshifted galaxies must be used to do this. To

identify what this minimum sample is, I first require;

δ(∆p) < δp, (5.14)

where δ(∆p) is the error in calculating the debiasing correction, and δp is the

potential error of a GZH morphological classification.

The error in calculating the correction is given by;

δ(∆p) =
σ∆p√
Ncontrol

, (5.15)

where σ∆p is the standard deviation of the corrections, and Ncontrol is the size of

the control sample required.

By substituting Equation 5.15 into Equation 5.14, the minimum number of

artificially redshifted galaxies required to provide a suitable debiasing correction

for a GZH galaxy’s morphology is given by;

Ncontrol >

(
σ∆p

δp

)2

. (5.16)

Finally, to calculate Ncontrol, I assume that the distribution of ∆p has the

maximum variance, thus σ∆p = 0.5. I use this value, along with the maximum

error of δp = 0.08 from Figure 5.2, to determine that a minimum of 39 artificially

redshifted galaxies are required for each observed GZH galaxy in order to produce

a statistically sound correction. If I had assumed Poisson counting error on the

classification fractions this would be a trivial result (i.e. Ncontrol ∼ Nclassifications). I

provide the explicit formula for the case that the reader wishes to make a control

sample for vote fractions close to 1 or zero, where the assumption of Poisson

errors is no good, and the full binomial error must be used (i.e. Equation 5.13).

With the GZH catalogue containing over 100,000 galaxies, having 39 control

galaxies for each separate galaxy would be a difficult task to accomplish. However,

I can assume that ∆p is predominantly a function of surface brightness and
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redshift. Therefore, I can bin the sample such that there are at least 39 control

galaxies per redshift-surface brightness bin. This reduces the number of control

sample galaxies required considerably (as opposed to 39 control galaxies for each

observed galaxy), as there are likely to be several tens, and possibly several

hundreds of observed galaxies per redshift-surface brightness bin, all of which

individually would require the same correction to their observed morphology.

When creating these bins, I will also have to consider suitable bin sizes, such

that within each bin the spread of redshift and surface brightness values would

be small enough so that:

1. I can assume there is no morphological galaxy evolution within the δz of a

single bin

2. the distribution of galaxy morphologies should be constant across the range

of redshifts and surface brightness values in a given bin

3. the bins remain large enough to ensure that the control sample remains

large enough (Ngals > 39) in order for a suitable correction to be made.

It is worth noting that for other catalogues where fewer individuals classify

each galaxy, the required number of control galaxies required in order to provide

a statistically sound correction for each observed galaxy also reduces. This is

because the error of the morphological classification, δp, becomes larger with

fewer classifiers, which in turn leads to Ncontrol being smaller. For example, for

the CANDELS catalogue, visual morphological classifications for each galaxy

were provided by 5 scientists (Kartaltepe et al., 2015), which leads to a minimum

control sample size for each galaxy being Ncontrol > 5.

When calculating the error on the mean value of a morphology < p > in

a bin with Ngalaxies, the error on the mean will be reduced to be 0.08/Ngalaxies,

and so to make sure the redshift bias correction is sub-dominant for this mean

morphology would require a factor of Ngalaxies more control galaxies. Within

this thesis, I typically calculate fractions of a sample of galaxies with certain

morphology, rather than the mean value of the morphology in a sample. In this

case the error on the fraction is best calculated using a Monte Carlo simulation

(e.g. as discussed in Section 4.2.5).
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5.5 The FERENGI sample of artificially red-

shifted SDSS galaxies

In this section I will describe the processes used by the GZ team and myself in

order to create a control sample of galaxies that will be used to debias the GZH

catalogue. I will begin by describing the selection of low redshift SDSS galaxies

selected to be artificially redshifted, before describing how the Full and Efficient

Redshifting of Ensembles of Nearby Galaxy Images [FERENGI] code (Barden

et al., 2008) is applied to these galaxies in order to create the control sample3.

In subsection 5.5.2, I will detail how I use the Source Extractor code (Bertin &

Arnouts, 1996) to measure the magnitudes and sizes of the FERENGI galaxies.

Finally, I discuss the details of the Galaxy Zoo run for the FERENGI galaxies,

with morphological classifications for these coming from the fourth incarnation

of Galaxy Zoo.

5.5.1 Creating the control sample

Original SDSS sample

The GZ collaboration chose a sample of Sloan Digital Sky Survey (SDSS) galaxies

with GZ2 morphological classifications that spans a range of morphologies. This

sample is selected to explore the following seven morphological properties in detail

as they are artificially redshifted up to z = 1;

1. spiral galaxy

2. edge-on galaxy without bulge

3. edge-on galaxy with bulge

4. face-on galaxy with bulge

5. galaxy with any discernible features

6. galaxy undergoing a merger

7. barred galaxy: this is double in size compared to the other morphology se-

lections. This larger sample size has been specifically chosen so that enough

bars will be present in the control sample in order to fully understand any

effects observational biases have on the work presented in this thesis.

3This process was completed by E. Cheung, a GZ science team member.
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For each of these categories, galaxies are selected to explore a range of other

properties, such as magnitude and surface brightness. Firstly, the SDSS GZ2

sample spans a redshift range z ∼ 0 − 0.25, so to have a range of target red-

shifts to explore with FERENGI, galaxies are chosen with four different redshifts

(spanning the given range) for each of the eight morphological types.

Secondly, although potential galaxies are not limited by mass or magnitude,

three surface brightness bins are chosen for galaxies to be selected from (µr > 21.5;

20.5 < µr < 21.5; µr < 20.5). These bins allow for the exploration of GZ2 galaxies

with low to high surface brightness values, with only the brightest galaxy in each

bin chosen to be artificially redshifted.

Finally, using the morphological data from GZ2, an array of ‘strengths’ for

each feature can be investigated, i.e. galaxies with weak bars (pbar ∼ 0.2) through

to strong bars (pbar ∼ 0.8) can be selected to see how weak and strong morpho-

logical features alter according to visual classifications at higher redshifts. Whilst

the full range of expected likelihoods (p) regarding morphological features may

not be complete for all morphological types explored, the galaxies explored will

allow for a weighting scheme to be applied if required.

With there being eight morphological categories to explore, each with galaxies

at four different redshifts, three different surface brightnesses and three different

morphological ‘strengths’, a final sample of (8× 4× 3× 3) = 288 galaxies with

GZ2 classifications is selected.

Artificially redshifted sample

The sample of 288 GZ2 galaxies are artificially redshifted using the FERENGI

code, which is designed to artificially redshift SDSS galaxies up to redshifts of

z ∼ 1.1, producing observational parameters that are comparable to HST images

(i.e. same PSF and pixel scales).

To do this, FERENGI first converts the initial SDSS pixel size (0.396”) to the

required pixel size, which in this case is for HST ACS images (0.03”). FERENGI

then modifies a galaxy’s angular size and surface brightness on a pixel-by-pixel

basis. Once these geometrical effects have been handled, FERENGI then at-

tempts to incorporate the effects of band shifting to the galaxy. FERENGI then

mimics the resolution of real HST data by convolving the artificially redshifted

image with an appropriate PSF.
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Figure 5.3: Output images of artificially redshifted SDSS galaxies using the FER-
ENGI code. The left image is the original image from SDSS, with the artificially
redshifted galaxies shown in ascending redshift to its right.

Once the artificial galaxy image has been created, FERENGI adds both back-

ground noise, and noise relating to the flux measured in each of a galaxy’s pixels.

The background noise for galaxies replicating ACS imaged galaxies, as required

by the control sample, comes from blank patches of sky that have been imaged

by the ACS instrument. As large patches of empty sky are rare, smaller blank

patches are combined together in order to create suitably sized empty regions.

The artificially redshifted galaxy is then placed on top of these blank background

images, producing background noise that is the same as for HST ACS imaged

galaxies. Finally, FERENGI scales the flux of the artificially redshifted galaxy,

such that it mimics the integration time for a given filter (i.e. 2028 seconds for

COSMOS I−band images), before adding random Poisson noise to each pixel.

The process of applying the FERENGI code to SDSS galaxies produces re-

alistic images of high redshift galaxies with properties mimicking those of HST

ACS observed galaxies (an example of artificially redshifted galaxies are shown

in Figure 5.3).

The sample of 288 SDSS galaxies are artificially redshifted so that they span

the range 0.3 < z < 1.0 at increments of δz = 0.1 (with some galaxies spanning
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only the redshift range 0.5 < z < 1.0, others 0.8 < z < 1.0, and some only at

z = 1.0). Each of the artificially redshifted galaxies are also subject to a range of

evolutionary terms (ε) that can be applied to the redshifted image.

The evolutionary term alters the luminosity/surface brightness of the artifi-

cially redshifted galaxy. With the original version of the FERENGI code used

in this process, ε scales linearly with redshift to make brighter galaxies at higher

redshifts. Essentially, having ∆ε = 1 brightens the artificially redshifted galaxy

by one magnitude by z = 1. Barden et al. (2008) stress that this is a crude mecha-

nism (in particular, all subcomponents of a galaxy are brightened together, whilst

in reality disks and bulges may act differently), but enables artificially redshifted

galaxies to be classified at higher redshifts, as without adding an evolutionary

term, galaxies may fade and become invisible. However, determining what level

of evolutionary correction is applied to a sample of artificially redshifted galaxies

requires exploration. Therefore, for our artificially redshifted galaxies a range of

evolutionary values are used (ε = 0− 3 at δε = 0.5 increments), producing up to

six different images of the same galaxy at each redshift increment.

The final output from FERENGI produces a catalogue of 6,624 galaxies, each

with a V−band (F606) and I−band (F814) image (as these are the bands used

in HST ACS AEGIS images). Table 5.1 shows how these images are broken down

further into each redshift increment for each band.

5.5.2 Extracting magnitudes, sizes and morphologies of

galaxies

The next step for using the FERENGI galaxies to address redshift biases is to

measure their magnitudes and sizes, as well as their visual morphologies through

GZ classifications. In this section I discuss how I use the Source Extractor code

(Bertin & Arnouts, 1996) to measure the magnitudes and sizes of the FERENGI

galaxies. This, combined with the visual morphologies from GZ (also described

in this section), will allow for a galaxy sample to be designed which is comparable

to observed COSMOS galaxies. Furthermore, magnitude and size measurements

of the FERENGI galaxies will be used to calculate surface brightness values for

each of these galaxies. Surface brightness information is specifically important in

order to complete the redshift-surface brightness bin analysis that is to be used

for identifying which GZH galaxies can be debiased by this FERENGI galaxy
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Table 5.1: Breakdown of the 13,248 galaxy images outputted by the FERENGI
code. Also shown are the number of galaxies produced for each δε = 0.5 evolu-
tionary increment for each redshift bin.

Number of galaxies

Redshift In each band Evolution term (ε)

increment (I and V−bands) 0 0.5 1.0 1.5 2.0 2.5 3.0

0.3 504 72 72 72 72 72 72 72

0.4 504 72 72 72 72 72 72 72

0.5 792 144 144 144 144 72 72 72

0.6 792 144 144 144 144 72 72 72

0.7 792 144 144 144 144 72 72 72

0.8 1008 216 216 216 144 72 72 72

0.9 1008 216 216 216 144 72 72 72

1.0 1224 288 288 288 144 72 72 72

Total 6624 1296 1296 1296 1008 576 576 576

sample.

Adapting the Source Extractor code

With the artificially redshifted FERENGI galaxies produced, I use the Source

Extractor (SE) code to measure the sizes, magnitudes, and surface brightness

values of each of the FERENGI galaxies. The SE code has many parameters that

require setting, such as the pixel scale and which magnitude types to measure,

in order to measure these properties accurately. Parameters that are related to

how the galaxies have been observed (i.e. FERENGI galaxies are created so that

they have properties akin to being imaged by the HST) are set accordingly, and

are as follows

• Pixel scale: is set at 0.03′′, to replicate the pixel scale of the ACS instru-

ment for ACS imaging.

• Magnitude zero point: is set 25.94 for the I−band measurements, and

26.49 for V−band, as specified by the ACS manual (Avila, 2015).

• Detector gain: set at 2.0, as specified by the ACS manual (Avila, 2015).

In addition to these parameters, I also set the parameters required for mea-

suring the sizes and magnitudes of the FERENGI galaxies. This is done through



CHAPTER 5. ADDRESSING OBSERVATIONAL BIASES 152

a set of trial runs of SE, with analysis of the outcome until reasonable measure-

ments are made, which is aided by suggestions from Holwerda (2005). From this,

I choose a set of measuring parameters, and their respective values, which are

both as follows;

• Auto Mag: with a Kron factor of 1.5 and a minimum radius of 1.5.

• Petrosian magnitudes: with a petrosian factor of 1.0, and a minimum

radius of 1.0.

• Circular apertures: with radii of 5, 10, and 20 pixels.

The values of these parameters have been determined through the combina-

tion of advised inputs (referenced points), and several rounds of trial and analysis

of outputs by the SE code. Combining these edited parameters with the other

parameters, which are kept at their default values, produce an extensive cata-

logue of magnitudes (both I− and V−band), sizes, and other properties for the

artificially redshifted FERENGI galaxy sample.

Refining the SE output catalogue

With 6,624 galaxies being analysed by SE in two bands, I first explore how many

of these sources have output properties. I find that 21 I−band galaxies and 147

V−band galaxies are not detected by the SE code. Figure 5.4 gives examples

of the sources that have no SE outputs, and it is clear from these images that

the galaxies are too dim to be observed. Table 5.2 shows the redshifts and evo-

lutionary terms of the galaxies without measured photometry. As expected, the

number of galaxies without SE outputs increases for galaxies artificially redshifted

to higher redshifts, and for those that have lower evolutionary terms applied.

Of the initial 6,624 artificially redshifted galaxies that were analysed by the

SE code, 6,466 (∼ 98%) have both I− and V−band measurements. This sample

of 6,466 galaxies will be the sample of galaxies I will use to explore the potential

biases in visual classifications from GZH, and will be referred to as the FERENGI

sample hereafter.

5.5.3 FERENGI galaxies in Galaxy Zoo

To explore the potential biases in visual classifications, the artificially redshifted

FERENGI sample has been visually classified by Galaxy Zoo volunteers (as part



CHAPTER 5. ADDRESSING OBSERVATIONAL BIASES 153

Figure 5.4: Figure shows a sample of FERENGI galaxies (top row) that have
become to faint to be detected by the SE code at z = 1. Each of these galaxies
have no evolution correction applied (ε = 0). The original SDSS image for each
faint artificially redshifted galaxy is shown directly underneath.

Table 5.2: Information about the V−band (top) and I−band (bottom) galaxy
images that have no outputs from SE. Galaxies with z < 0.7 or ε = 3.0 all have
SE outputs, so are not required to be part of this table.

evolution → 0.0 0.5 1.0 1.5 2.0 2.5
↓ redshift

0.7 4 0 0 0 0 0

0.8 12 4 5 1 0 0

0.9 14 16 9 2 2 0

1.0 34 19 17 5 2 1

evolution → 0.0 0.5 1.0 1.5 2.0 2.5
↓ redshift

0.7 0 0 0 0 0 0

0.8 1 0 0 0 0 0

0.9 3 1 0 0 0 0

1.0 9 5 2 0 0 0
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of Galaxy Zoo 4 [GZ4]). The GZ4 version of Galaxy Zoo is still running, with the

FERENGI galaxies live for classification from October 15th 2013, until January

3rd 2014. During this time period 8,181 individual volunteers classified at least

one FERENGI galaxy. For the visual classifications of the FERENGI galaxies,

the decision tree used was the same as the one used for GZH (shown in Figure 3.3),

so each question within the GZH decision should be correctable.

Each galaxy in the FERENGI sample has been classified by a minimum of 39

volunteers, with a mean of 40 classifications per galaxy. This number of classifi-

cations is similar to the mean number of classifications provided for each of the

GZH catalogue galaxies (43), so the statistical uncertainty of the classifications,

as discussed in Section 5.4, are also comparable.

5.6 The trend of bar fraction in FERENGI disk

galaxies

In Chapter 3 I looked at how the bar fraction evolved with redshift for GZH

galaxies, finding an increasing bar fraction from 11± 2% at z = 1 to 22± 5% at

z = 0.4.

To obtain this result, I constructed a sample of disk galaxies comprised of the

most massive and brightest disk galaxies. I employed several tests, discussed in

detail in Section 3.3.2, that ensured that my conservatively selected GZH disk

sample would be largely unbiased by observational effects. Using the FERENGI

galaxy sample I can explore this further by comparing the observed bar fraction

evolution from Chapter 3, with the bar fraction evolution for FERENGI disk

galaxies across the same epoch.

Whilst the observed bar fraction evolution aims to trace a real morphological

evolution of the disk galaxy sample, the trend of bar fraction with redshift for

FERENGI galaxies will specifically show how the bar fraction evolves when only

observational effects (i.e. not morphological evolution) are accounted for.

5.6.1 Selecting disk and barred disk galaxies from the

FERENGI sample

The selection of disk and barred disk galaxies from the FERENGI sample is

similar to the selection used, and described, in Chapter 3 when selecting disks
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and barred disks from the observed COSMOS galaxy sample. However, there are

several small differences in selecting such galaxies from the FERENGI sample,

which are as follows:

• Extension of the redshift range explored from z ≥ 0.4, down to z ≥ 0.3, as

the FERENGI sample begins at this redshift point.

• Apply an evolving luminosity cut to select galaxies, as opposed to the stellar

mass cut applied in Chapter 3. This selection choice is due to FERENGI

galaxies not having had their stellar masses calculated.

The evolving luminosity cut is in the form of;

MI = −19.6− (1.4× z), (5.17)

where z is the redshift. This conservative luminosity cut is chosen so that all

featured galaxies would be classified as such (i.e. they would not appear smooth).

Furthermore, the selected luminosity evolution criteria increases by one order of

magnitude across the redshift range explored (0.3 ≤ z ≤ 1.0), which agrees with

observations of the evolving luminosity function (e.g. Capak 2003).

The selection criteria to identify disk and barred disk galaxies using GZ clas-

sifications remains the same as used in Chapter 3, and is as follows;

• pfeatures ≥ 0.5

• pnot−edgeon ≥ 0.5

• pnot−clumpy ≥ 0.5

• inclination [log(a/b)] ≤ 0.3

• pmerger ≤ 0.65 with a minimum of 18 volunteers answering the Is there

anything odd? question (final question of the GZH decision tree - Figure 3.3)

I first apply these five morphological criteria to z = 0.3 FERENGI galaxies.

Once applied, 36 of the 504 FERENGI galaxies at z = 0.3 are classified as

disk galaxies, of which 16 (fbar = 44 ± 8%) are barred disk galaxies (FERENGI

disk galaxy sample referred to as the FERENGIz=0.3 sample hereafter). In order

to explore how observational biases may affect the trend in bar fraction across

redshift, I track how the bar fraction evolves for the FERENGIz=0.3 disk galaxies.

In this case, no additional disk (or barred disk) galaxies can be added to the

original sample, but disks and barred disks that do not meet the morphological
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criteria are removed from the FERENGIz=0.3 sample at each δz = 0.1 increment.

Therefore, the loss of disks or barred disks will be due to the fact that they will

not be recognised as such when classified by GZ volunteers. The reason for this

would be due to a disk or barred disk galaxy becoming either to dim, or the

substructure being unresolvable, with both being due to the observational biases

discussed in Section 5.2, and not because of any true morphological evolution of

the galaxies.

To ensure that an accurate comparison can be drawn between the FERENGI

and COSMOS samples, I apply the evolving luminosity cut and extended redshift

range to the COSMOS data, as opposed to the stellar mass and z ≥ 0.4 criteria

used in Chapter 3. For the observed COSMOS galaxies, this produces a sample

of 3,461 disk galaxies, of which 572 (17 ± 1%) are barred. Whilst the absolute

numbers produced here differ from those in Chapter 3, the overall trend of an

increasing bar fraction with decreasing redshift is still observed (see Figure 3.7).

5.6.2 The effects of observational biases on the redshift

evolution of the bar fraction

The effects of redshift biases on the bar fraction evolution exhibited by the FER-

ENGI sample can be observed when exploring the images of the FERENGI disk

galaxies. For example, in Figure 5.5, an image of a FERENGI galaxy (as it would

have appeared to GZ volunteers) is shown for each δz = 0.1 redshift increment,

going from z = 0.3 in panel a through to z = 1 in panel h when no evolutionary

correction is added (ε = 0), and from z = 0.3 in panel i to z = 1 in panel p when

the maximum evolutionary correction (ε = 3) is added. In both cases, this galaxy

is classified by GZ volunteers as being part of the FERENGI disk and barred disk

samples at z = 0.3.

The images in Figure 5.5 show that the bar remains visible to higher redshifts

than the disk of the galaxy, and so observational biases tend to play a larger role

in whether a GZ volunteer can identify whether a galaxy has a disk/features,

rather than whether they can identify a barred structure. This is clearly seen

for the FERENGI galaxy without an additional evolutionary correction added

(panels a − h). Here, the disk, which has a low surface brightness, becomes less

obvious to identify towards higher redshifts in comparison to the barred structure,

which has a higher surface brightness. Whilst the galaxy is no longer classified
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Figure 5.5: Thumbnail images of a barred disk galaxy which has been artificially
redshifted from z = 0.3 to z = 1. Shown here is the same galaxy without an
evolutionary correction added when artificially redshifted (panels a − h), and
then with the maximum evolutionary correction added (ε = 3) in panels i − p.
For each case the galaxy image in the top left is taken at z = 0.3, with this
increasing in δz = 0.1 increments from left to right, and top to bottom (i.e.
bottom left in each case is the galaxy at z = 1). The redshift for each galaxy
is given in the bottom left of each panel, and the evolution term in the bottom
right.
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as a disk beyond z = 0.5 (panel c), the barred structure is still visible out to at

least z ∼ 0.7 (panel e).

Where the maximum evolutionary term is added (panels i− p), the disk and

bar remain bright enough to be observed at all epochs. This is corroborated by

the GZ volunteers, who classify this galaxy as a barred disk galaxy through to

z = 1.

For a FERENGI galaxy without an evolutionary correction, as with other

evolutionary corrections, it is the ability to identify whether a galaxy is disk-

like that determines whether it becomes part of the FERENGI disk sample, but

also the FERENGI barred disk sample. Whilst the ability to identify whether

or not a galaxy has a disk component becomes difficult to determine due to

low surface brightness effects, the barred structure, which has a higher surface

brightness, remains visible, even at higher redshifts than when the disk is no

longer identifiable (at least to z = 0.7 for the example FERENGI galaxy in

Figure 5.5).

To explore the effect further, I plot the redshift evolution of the bar fraction

for the FERENGI disk sample (black triangles) in Figure 5.6, which also shows

the redshift evolution of the bar fraction for observed COSMOS disk galaxies (red

circles). As presented in Chapter 3, the bar fraction for the observed disk galaxy

sample increases as the Universe gets older, in this case from 12 ± 2% at z = 1

to 27± 3% at z = 0.3.

The bar fraction of the FERENGI galaxies across the same epoch exhibits a

different trend. The bar fraction, which is fbar = 60 ± 20% at z = 1, and then

fbar = 44±8% at z = 0.3, remains approximately constant over this epoch. Whilst

it may be interpreted as declining towards lower redshifts, the small sample sizes,

and thus large errors bars, means that this may not be true. However, even with

the large error bars, the FERENGI bar fraction does not appear to exhibit the

same evolution as the GZH COSMOS galaxies. If the FERENGI sample showed

the same trend as the GZH COSMOS galaxies, it would be expected that only

20% of the highest redshift sample would exhibit bars, but I find that 60% of

FERENGI disks (3/5) host bars at z = 1.

I conclude that the evolution of the bar fraction due to only observational

effects is consistent with no evolution, which suggests that the redshift evolution of

the bar fraction presented in Chapter 3 is not driven by the effects of observational

biases. In fact, the analysis of FERENGI galaxies and their images suggest that
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Figure 5.6: Comparison of how the bar fraction evolves with redshift for observed
galaxies in the COSMOS field (red, circles), and artificially redshifted FERENGI
galaxies (black, triangles). Each point is labelled with the number of barred disks
divided by the number of disks within a given δz = 0.1 increment. The error bars
represent a 1σ binomial error (calculated using Equation 5.13) for each plotted
point.
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the redshift evolution of the bar fraction presented in Chapter 3 may be a slight

underestimate. This is because observational biases play a larger role in whether

a galaxy is classified as being disk-like in morphology, compared to whether a

disk galaxy is classified as barred or unbarred. Therefore, it would be low surface

brightness disk galaxies that are omitted when producing the GZH disk and

barred disk galaxy samples, with only a minimal number of barred disk galaxies

missed due to observational effects. Additionally, as the effects of observational

biases become greater towards higher redshifts, then the number of disks omitted

from the GZH disk sample would increase towards higher redshifts. As the bar

fractions would become lower than currently observed in the highest redshift bins,

the growth in the bar fraction over cosmic time would become greater.

It is clear that a larger sample of barred FERENGI galaxies is required to

determine the reliability of this statement, but this is currently not available.

5.7 Using FERENGI to identify galaxies with

reliable morphology

All work presented in this section is preliminary, and is being worked on by several

members of the Galaxy Zoo science team. All figures that are not my own are

reproduced with the team’s consent, and are credited as such.

The previous section provides an effective use of the FERENGI sample in ex-

ploring how potential observational biases may affect the evolution of the bar frac-

tion with redshift. However, the FERENGI sample has been primarily designed

to correct the visual morphologies of galaxies in the GZH catalogue, removing

the potential effects of observational biases for the full range of morphologies ex-

plored. Before attempting this, I first look at how well the FERENGI sample

compares to the ideal control sample, described in Section 5.4.

Comparison of the FERENGI sample to the ideal control sample

Figure 5.7 shows the FERENGI sample divided into 9 bins of redshift and eight

in surface brightness. In Section 5.4 I described how to design a suitable control

sample in order to debias, and correct the vote fractions of galaxies in the GZH

catalogue. The conclusion of this work was that, given the number of classifica-

tions provided for each galaxy, a minimum of 39 control galaxies are required in
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a given redshift-surface brightness bin for a suitable correction to be made.

For a given range of redshifts (z = 0.30 − 1 split into in δz = 0.1 bins) and

surface brightness values (µ = 17.4−24.1 split into δµ = 0.75 bins), this required

number of control galaxies is not always met. For example, Figure 5.7 shows

that in the two highest, and the two lowest surface brightness bins there are far

fewer, and sometimes no control galaxies available for a correction to be made.

However, for µ = 19.7 − 22.7, which contains 55% of GZH galaxies within the

redshift range 0.3 ≤ z ≤ 1.0, there are a sufficient number of control galaxies at

all redshifts for vote fraction corrections to be attainable.

As each of the redshift-surface brightness bins are also split into four sub-bins

of pfeatures, there are specific areas within this matrix whereby the whole redshift-

surface brightness bin does not have the required 39 control sample galaxies to

make a correction, but the sub-bins are sufficiently populated for a correction to

be made for a given set of pfeatures values within said bin.

When observed COSMOS galaxies are plotted across the same redshift-surface

brightness matrix, it is predicted that the FERENGI control sample provides

suitable coverage so that up to ∼ 50% of the observed galaxies can potentially

have their vote fractions corrected.

5.7.1 Identifying which GZH galaxies can be debiased

Before any attempt can be made in correcting visual morphological classifica-

tions of the GZH galaxies, I first identify which GZH galaxies can be debiased

with the current FERENGI sample. As the previous subsection suggests, when

directly mapping GZH and FERENGI galaxies over each other in set redshift-

surface brightness bins, around 50% of GZH galaxies are likely to be correctable.

Additionally, whilst the final goal is to debias the full range of morphological

classifications in the GZH catalogue, this section focuses on only debiasing the

first question in the GZH decision tree: Is the galaxy smooth and rounded, with

no sign of a disk?

Within the debiasing process, all corrections made are based on exploring how

pfeatures changes from the FERENGI galaxy’s z = 0.3 (i.e. the lowest artificially

redshifted bin) classification for each given redshift bin, and not its original z ∼ 0

GZ2 classification. This is primarily due to the gap between the original SDSS

galaxies (0 < z < 0.25) and the first redshift increment of the FERENGI galaxies

(z = 0.3) being too large. With this gap equating to anywhere between 0.5 Gyrs
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(z = 0.25− 0.3) and 3 Gyrs (z = 0− 0.3), it is highly likely that additional cor-

rections would be required to understand how observational biases affect galaxies

across this epoch also. Therefore, the vote fractions of the FERENGI galaxies at

z = 0.3 are used as ‘calibration’ vote fractions.

Figure 5.7 shows the effects that observational biases have on the visual clas-

sifications provided by GZ volunteers regarding whether a galaxy is classified as

being smooth or having a disk or features (pfeatures). The sample of FERENGI

galaxies is split into eight redshift bins (z = 0.3 − 1 in δz = 0.1 bins) along the

x−axis, and into nine surface brightness bins (µI = 17.4 − 24.1 in δµ = 0.75

bins). Within each of these redshift-surface brightness bins, the z = 0.3 pfeatures

classification for each FERENGI galaxy is plotted along the x−axis against the

pfeatures classification of the FERENGI galaxy for that given redshift bin. All 6,624

FERENGI galaxies fall within the surface brightness criteria, but only 3,959 are

shown in Figure 5.7. The missing 2,665 FERENGI galaxies all have an initial

artificial redshift point of z = 0.5 or higher, and are therefore omitted because

they do not have a z = 0.3 counterpart, which is required for this method of

debiasing.

In each redshift-surface brightness bin, the FERENGI data is fitted with poly-

nomials of degrees 3, 2, and 1, with the best fit out of the three illustrated by

the black dashed line in each bin. Each of the redshift-surface brightness bins

is split further into four sub-bins, which are selected such that they represent

equal spreads of the pfeatures values in each fixed surface brightness-redshift bin.

In sub-bins where the polynomial fit is flat, there is no obvious single-valued re-

lationship. Therefore, any FERENGI galaxies populating one of these sub-bins

cannot be corrected by this debiasing method, although upper limits on pfeatures

can be constructed, which are still useful. These sub-bins are shaded blue in

Figure 5.7. For sub-bins where a one-to-one relationship between the pfeatures,z

and pfeatures,z=0.3 values occurs are deemed correctable, and are unshaded (white).

Sub-bins where there is currently not enough information available (i.e. sub-bins

that contained less than 5 galaxies) are coloured grey. For clarity, I present a

zoomed in version of a single redshift-surface brightness bin in Figure 5.8.

Of the original 3,959 FERENGI galaxies shown in Figure 5.7, 2,057 (52%)

are found within the white, correctable bins, whilst 1,732 (44%) are in the blue,

uncorrectable bins, and 170 (4%) are in the grey, NEI bins.

The areas of Figure 5.7 where galaxies are correctable can be found between
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Figure 5.7: Figure shows the comparison of each FERENGI galaxy’s z = 0.3
pfeatures classification to its pfeatures classification in a given redshift bin (from
z = 0.3 − 1.0 in δz = 0.1 bins), denoted by the blue points. The sample is
also split into nine surface brightness bins (µI = 17.4 − 24.1 in δµ = 0.75 bins).
The black dashed lines represent the best-fit polynomials to the data in each
square, with the solid black line showing the pfeatures,z = pfeatures,z=0.3 relationship.
Each redshift-surface brightness bin is split further into four sub-bins that are
chosen to represent equal spreads of the pfeatures values in each fixed redshift-
surface brightness bin. Sub-bins coloured white are deemed to be correctable,
blue are uncorrectable, and grey currently do not have enough information for a
correction to be derived. An enlarged image of a single redshift-surface brightness
bin is shown in Figure 5.8. Figure courtesy of M. Galloway, a member of the GZ
science team.
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Figure 5.8: Figure shows zoomed in version of a single redshift-surface brightness
bin from Figure 5.7 (bin details: z = 1; 20.4 < µI < 21.15). Each FERENGI
galaxy is shown by a blue point, with the black dashed line representing the
best-fit polynomials to the data, and the solid black line showing the pfeatures,z =
pfeatures,z=0.3 relationship. The shaded blue region shows the region where there is
not a single-valued fit to the polynomial, meaning the galaxies within this sub-
bin are uncorrectable. The white regions are where the fit to the polynomial is
single-valued, and so a correction can be made. Figure courtesy of M. Galloway,
a member of the GZ science team.



CHAPTER 5. ADDRESSING OBSERVATIONAL BIASES 165

the surface brightness range of µI = 19.9 − 22.9, with corrections also possible

for some pfeatures values with lower surface brightnesses at higher redshifts. For

redshift-surface brightness bins where galaxies are either uncorrectable or have

NEI, there are set factors determining this that would not necessarily be solved

by an increase in the number of control galaxies.

For example, the grey regions for galaxies with high surface brightnesses (bot-

tom rows of Figure 5.7) are due to there being a finite number of very bright galax-

ies that are observable in the local universe. Therefore, there are not enough of

these galaxies observed by SDSS that retain a high enough surface brightness to

populate these bins, and in some case (z > 0.8 and µI < 19.9) there are none

at all. Due to this, for the redshift-surface brightness bins mentioned, it may be

impossible to produce a control sample that has galaxies that can populate these

bins sufficiently, or even at all, in order to produce statistically useful corrections

to GZ classifications.

Similarly, for galaxies with lower surface brightnesses (µI > 22.9) the effect of

surface brightness dimming, and possibly poor signal-to-noise, makes populating

these redshift-surface brightness bins difficult. Whilst it would be possible to

produce large enough control samples which would populate these low surface

brightness bins, any features would likely be washed out due to surface brightness

dimming. The result of this would be that all artificially redshifted galaxies would

have low pfeatures values at higher redshifts, regardless of their original pfeatures,z=0.3

values, thus meaning any polynomial fit would be flat, so no correction could be

made.

This can be observed in the three highest redshift bins (z > 0.8), whereby

there are many artificially redshifted galaxies populating the redshift-magnitude

bins, but they all have low pfeatures values. Once again, for this case of using

SDSS galaxy images, the addition of more control galaxies would not solve this

problem, as it is likely that the majority would appear as smooth galaxies in

these particular redshift-surface brightness bins. However, future works could use

deeper observations of low redshift galaxies (i.e. SDSS Stripe 82 observations, or

future Euclid observations) in order to create their artificially redshifted galaxy

sample. This may resolve the aforementioned problems in only populating low

surface brightness bins with featureless, smooth galaxies, as the deeper images

of low redshift galaxies are more likely to retain their features when they are

artificially redshifted, especially when compared to shallower imaged galaxies
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(i.e. those used in this work).

Finally, the location of the uncorrectable blue sub-bins in Figure 5.7 are all

found populating similar regions of each redshift-surface brightness bin. In all

cases they are located with pfeatures < 0.5 (on the y−axis). This is because the

original SDSS galaxy that has been artificially redshifted to produce a galaxy with

low pfeatures at a given redshift may have had a low pfeatures value itself, or it may

have had a higher pfeatures value that has been reduced to appear smooth due to

resolution and surface brightness dimming effects. Therefore, it is not possible to

determine what the original pfeatures of a now smooth looking galaxy had, although

an upper limit can be assumed from the pfeatures value the transition to correctable

happens at. For example, in the case of the redshift-surface brightness bin given

in Figure 5.8, I can say that galaxies with pfeatures < 0.2 at z = 1 must have

pfeatures < 0.5 at z = 0.3.

Debiasing the GZH COSMOS galaxies

For FERENGI galaxies that are located in a redshift-surface brightness bin where

the polynomial fit to the FERENGI pfeatures,z and pfeatures,z=0.3 is not flat (white

sub-bins), the required correction is deemed to be single valued4, and has the

form;

pdebiased = 1− (1− p)e
z−z0.3
ζ̂ , (5.18)

where p is a galaxy’s original vote fraction, z is the redshift of the FERENGI

galaxy in question, and ζ̂ is the correction function that will be applied to each

galaxy. ζ̂ is given by the equation;

log10(ζ̂) = ζ0 + ζ1 × µ, (5.19)

where ζ0 and ζ1 are the best-fit parameters to the linear fit for a given surface

brightness, µ. An exploration of potential linear fits to the drop-off in pfeatures

with surface brightness for FERENGI galaxies yields ζ0 = 0.1 and ζ1 = 1.4 as the

best-fit parameters5 (determined from least-squares optimisation).

Observed galaxies from the GZH COSMOS sample (this will be extended

to include all GZH galaxies) can now be plotted over the same redshift-surface

4Work into determining this formula was completed by several members of the GZ science
team.

5Work carried out by GZ science team member Steven Bamford.
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Table 5.3: Table showing the number, and percentage, of correctable galaxies in
the GZH COSMOS catalogue. Also shown are the number (and percentage) of
galaxies that currently have upper limits (UL) calculated for their pfeatures values,
and galaxies that currently do not have enough information (NEI) due to either
a lack of redshifts and/or comparable FERENGI galaxies.

COSMOS
Ngal %

Correctable 15855 34.0

NEI 15338 32.8

UL 15510 33.2

Total 46703

brightness matrix as done for the FERENGI galaxies. For those that are found

in white, correctable regions, the formulae presented above (Equations 5.18 and

5.19) can be applied in order to provide a correction to each galaxy’s morpholog-

ical classification (currently only for the first question in the GZH decision tree).

Those COSMOS galaxies that populate blue and grey sub-bins are currently not

correctable through this debiasing method, although this may alter for future

iterations of the debiasing process. Those galaxies located within blue shaded

sub-bins do have upper limits calculated for their pfeatures values.

The raw COSMOS catalogue contains 91,202 galaxies, which reduces to 70,032

once matched to the UltraVISTA DR1 catalogue. This reduces further, down to

46,703 galaxies when limited to the redshift range 0.3 ≤ z ≤ 1.0, which is the

range that can be debiased by the method discussed within this chapter. Table 5.3

shows the number (and total percentage) of COSMOS galaxies that have been

corrected; those which have upper limits (UL) calculated for their pfeatures values;

and those which currently do not have enough information (NEI) to provide

suitable corrections.

For those galaxies that have been corrected, Figure 5.9 illustrates the extent

of the change in their pfeatures values after being debiased (∆pfeatures). The seven

panels in Figure 5.9 each show ∆pfeatures in δz = 0.1 redshift bins, with the lowest

redshift bin (0.3 ≤ z < 0.4) in the top panel, and the highest (0.9 ≤ z ≤ 1.0) in

the bottom. In each case, the histogram has been normalised by the total number
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Figure 5.9: Histograms illustrating the changes in pfeatures values for corrected
GZH COSMOS galaxies. Each bin represents a set redshift range, as labelled,
with the top panel showing the distribution of ∆pfeatures for the lowest redshift
bin (0.3 ≤ z < 0.4) , and the bottom the highest redshift bin (0.9 ≤ z ≤ 1.0).
Each histogram has been normalised by the total number of galaxies within the
given redshift bin.
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of galaxies in the illustrated bin.

For the whole GZH COSMOS sample, ∆pfeatures typically ranges from 0.1−0.5,

and is spread fairly evenly across this range, although it peaks slightly at lower

values of ∆pfeatures. However, for individual redshift bins, this is not true. Each

exhibit a peak ∆pfeatures value, with the peak value becoming higher towards

higher redshifts (i.e. from ∆pfeatures = 0.05 at 0.3 ≤ z < 0.4, to ∆pfeatures = 0.45

at 0.9 ≤ z ≤ 1.0). It is also evident that the correction applied to some galaxies

in the two highest redshift bins becomes greater than 0.5.

The trend observed, and described, is as expected: the effects of observational

biases become greater at higher redshifts. Therefore, it is no surprise that the

corrections required to debias the visual morphological classifications become

larger towards higher redshifts.

5.7.2 Determining the true number of disk galaxies in the

GZH catalogue

In order to determine the true redshift evolution of the bar fraction for the GZH

COSMOS sample, I must first determine a sample of disk galaxies, from which

barred and unbarred disks will be selected. In Chapter 3, I observed a bar fraction

that increased towards lower redshifts, but stated that this trend may be an

underestimate of the true trend due to disk galaxies being omitted from the GZH

disk sample due to observational effects.

Having debiased a large fraction of the GZH COSMOS catalogue, I am able

to estimate the true number of disk galaxies it contains. However, as only the

first question in the GZH tree (Is the galaxy smooth and rounded, with no sign

of a disk?) has been debiased so far, the result is not a direct indication of how

many disks are in the GZH COSMOS sample. Instead, the debiasing method

corrects the pfeatures values of each galaxy, where pfeatures indicating whether a

galaxy has an obvious disk and/or features. Therefore, there will be galaxies

with high pfeatures values that are possibly clumpy or merging, but are not relaxed

disk galaxies, which is the requirement of inclusion for the GZH disk galaxy

sample. Additionally, there will also be galaxies with low pfeatures values that are

relaxed disks, but appear smooth as they have no obvious sub-structure, and so

these galaxies will be omitted from this selection criteria.

Table 5.3 shows that 34% of the GZH COSMOS catalogue is correctable, and
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thus each of these galaxies have had their pfeatures values debiased. Therefore,

applying the selection criteria used throughout this thesis whereby a galaxy is

deemed to have an obvious disk and/or features if pfeatures ≥ 0.5, along with

the evolving magnitude cut (Equation 5.17), I can determine that 7,814 galaxies

match this criteria, which is 80% of all galaxies that have been debiased (top row

of Table 5.4). As this criteria is only applied to the galaxies with debiased pfeatures

values, this acts as an initial estimate of the number of galaxies that have a disk

and/or features.

To explore an upper limit on this number, I now examine the galaxies within

the GZH COSMOS catalogue that are currently uncorrectable due to the poly-

nomial fit being applied being too flat, and therefore not single valued, but do

populate redshift-surface brightness bins with enough control galaxies present for

upper and lower bounds to be placed on their pfeatures values. These account for

33% of the GZH COSMOS catalogue.

Figure 5.10 replicates the same set up as described for Figure 5.7, with the

addition of orange bars. These orange bars show the inner 80th percentiles of the

intrinsic spread of pfeatures,z=0.3 for a given set of pfeatures,z values in a given redshift-

surface brightness sub-bin. For sub-bins where the fit of the polynomial is not

single valued, and therefore currently uncorrectable, the orange bars represent

the lower and upper limits of for each galaxy’s pfeatures value. Figure 5.11 shows

a zoomed in panel for one of these redshift-surface brightness sub-bins (panel

details; z = 1; 20.4 < µI < 21.15).

By applying the pfeatures ≥ 0.5 and evolving magnitude cut criteria (MI =

−19.6− (1.4× z); as presented in Section 5.6) to these galaxies that have lower

and upper limits on their pfeatures values calculated, I find that, for the case where

lower limits are used, no galaxies are classified as having obvious features and/or a

disk. This is not surprising, as Figure 5.10 illustrates that the lower limits for each

of the uncorrectable, blue sub-bins is always below the pfeatures ≥ 0.5 threshold.

However, when applying the same criteria to the upper pfeatures limits (UL), I

find that 2,813 galaxies potentially have hidden features and/or a disk, which is

35% of all galaxies that have UL debiasing (second row of Table 5.4). By adding

this number to the clean, debiased number of galaxies that have pfeatures ≥ 0.5,

I find that there is an upper limit of 10,627 galaxies that have obvious features

and/or a disk (row five of Table 5.4). This equates to an upper limit of 47%

of all galaxies having obvious features and/or a disk within the volume limited
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Figure 5.10: Replica of Figure 5.7, but with orange bars showing the range of
intrinsic pfeatures,z=0.3 values for a given range of pfeatures,z values. In each of the
redshift-surface brightness sub-bins, the orange bar represents the inner 80th
percentiles of the data, which provide the lower and upper pfeatures boundaries of
galaxies that are uncorrectable (blue shaded sub-bins). An enlarged image of a
single redshift-surface brightness bin is shown in Figure 5.11. Figure courtesy of
M. Galloway, a member of the GZ science team.
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Figure 5.11: Figure shows zoomed in version of a single redshift-surface bright-
ness bin from Figure 5.10 (bin details: z = 1; 20.4 < µI < 21.15). Each FER-
ENGI galaxy is shown by a blue point, with the black dashed line represent-
ing the best-fit polynomials to the data, and the solid black line showing the
pfeatures,z = pfeatures,z=0.3 relationship. The white regions are where the fit to the
polynomial is single-valued, and so a correction can be made. The shaded blue
region shows the region where there is not a single-valued fit to the polynomial,
meaning the galaxies within this sub-bin are currently uncorrectable, but lower
and upper limits of pfeatures values can be calculated for galaxies within these
regions. These limits are shown by the orange bars, which show the intrinsic
spread of the pfeatures,z=0.3 values for given pfeatures,z values. Figure courtesy of M.
Galloway, a member of the GZ science team.
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[MI = −19.6− (1.4× z)] GZH sample.

Finally, I can also add those galaxies that are part of the sample of GZH

COSMOS galaxies that currently do not have enough information (NEI sam-

ple) available for any correction or lower/upper limits to be applied (33% of the

catalogue). Whilst these galaxies have only the original user weighted classifica-

tions, there are an additional 3,028 galaxies (47% of all NEI galaxies; see third

row of Table 5.4) that have obvious features and/or a disk. However, there are

likely to be more galaxies within the NEI sample that are disks, but do not have

pfeatures ≥ 0.5 due to being wither smooth or faint. Therefore, to calculate an ab-

solute upper limit on the number of GZH galaxies with obvious features and/or

a disk, it is necessary to include all NEI galaxies for this boundary (although

there are NEI galaxies that will not have obvious features and/or a disk). This

gives a maximum number of 17,137 galaxies with pfeatures ≥ 0.5, which is 71%

of the volume limited [MI = −19.6 − (1.4 × z)] GZH catalogue (bottom row of

Table 5.4).

Whilst Table 5.4 provides details on the lower and upper limits of the number

of galaxies with obvious features and/or a disk in the GZH catalogue, this does

not provide information regarding the numbers of disks within the catalogue until

I remove galaxies that have features that are not disk-like (note this method

can never be used to find featureless disk galaxies). However, by applying the

morphological criteria and evolving luminosity cut used in Chapter 3, and again

in Section 5.6, I am able to reproduce Table 5.4 for galaxies that have disk-like

morphology. It is worth noting that for the morphological selection criteria, only

the pfeatures values have been corrected. The pnot−clumpy, pnot−edgeon, and pmerger

classifications still have their original, user weighted classifications. Therefore,

the values presented in Table 5.5 are preliminary, offering an initial insight into

the number of disk galaxies within the GZH catalogue.

The top three rows of Table 5.5 provides the number of galaxies identified

as having disk-like morphology in each sample for every δz = 0.1 bin, with the

percentage of each sample within each redshift bin this represents. Figure 5.12

illustrates how the fraction of all galaxies with disk-like morphology evolves over

the redshift range 0.3 ≤ z ≤ 1.0 for the correctable sample (green circles); upper

limit (UL) sample (black squares); and those galaxies without enough information

(NEI: red triangles). The horizontal dashed line represents the average fraction

of all galaxies having pfeatures ≥ 0.5 for each sample, as given in the final column
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Figure 5.12: Fraction of all galaxies that have disk-like morphology for the cor-
rectable (green circles); upper limit (UL: black squares), and not enough infor-
mation (NEI: red triangles) samples across the redshift range 0.3 ≤ z ≤ 1 in
δz = 0.1 redshift bins. The horizontal dashed lines in each colour represent the
average fraction of galaxies that have disk-like morphology for each sample, as
shown in the final column of Table 5.5. Each plotted point also has 1σ error bars,
although these may be to small to see in some cases.

of Table 5.5.

From the values given in Table 5.5, I am able to provide a preliminary es-

timate of the true number of disk galaxies present within the GZH COSMOS

catalogue. I find that there are that there are a minimum of 3,884 galaxies with

disk-like morphology present in the GZH catalogue (16% of the GZH catalogue).

Furthermore, row four of Table 5.5 provides the minimum number of disk galaxies

within each δz = 0.1 redshift bin across the redshift range 0.3 ≤ z ≤ 1, as well as

the percentage of all galaxies (i.e. all correctable galaxies + all UL galaxies + all

NEI galaxies) this represents in each redshift bin. These percentages represent

the lower limit of the GZH catalogue disk fraction, and are illustrated by the bold

line in Figure 5.13.

Whilst row five of Table 5.5 provides information regarding the upper limit of

the number, and fraction of disks within the GZH catalogue for debiased galaxies,

the absolute upper limits are given in tables the bottom row. To calculate the

absolute upper limit, I combine disk-like galaxies from the correctable and UL
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Figure 5.13: Redshift dependent lower (solid line) and upper (dashed line) limits
of the fraction of disks within the GZH catalogue across the redshift range 0.3 ≤
z ≤ 1. The shaded region represents the range between the two limits that the
true GZH disk fraction is likely to be found.

samples with all the galaxies present in the NEI sample. This, as described

previously, is due to there being smooth or faint disk galaxies present within the

NEI sample that would be omitted from the original GZH disk galaxy catalogue

due to their raw vote fractions not passing the pfeatures ≥ 0.5 selection criteria.

I find that, from my preliminary analysis, there are a maximum of 11,981

disk galaxies in the GZH catalogue, which is 49% of all galaxies within the GZH

catalogue. As with the lower disk fraction limit, the upper disk fraction limit for

each δz = 0.1 redshift bin is presented in italics, within brackets in the bottom

row of Table 5.5, and are illustrated by the dashed line in Figure 5.13.

Figure 5.13 shows the lower (solid line) and upper (dashed line) disk fraction

limits across the redshift range 0.3 ≤ z ≤ 1 for the GZH catalogue. Both limits

are consistent with being roughly constant with redshift, with the lower disk

fraction limit being ∼ 16% across the redshift range explored, and the upper disk

fraction limit being ∼ 49%. I can conclude from my preliminary analysis that,

for the specific selection criteria used, the fraction of galaxies within the GZH

catalogue that have disk-like morphology is likely to be found within the shaded

region in Figure 5.13 (fdisk ∼ 0.16 − 0.49), and that this shows no significant
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trend with redshift, once observational bias is accounted for.

Tables 5.4 and 5.5 provide lower and upper limits of the number of disk and/or

featured galaxies, and featured disk galaxies (but not smooth disk galaxies) re-

spectively, for a specific volume limited sample [MI = −19.6 − (1.4 × z)] of the

GZH catalogue. However, other luminosity, or stellar mass cuts may be used

in order to make suitable disk galaxy samples in order to explore the redshift

evolution of the bar fraction. Therefore, in Table 5.6, I present lower and upper

limits on disk sample sizes for a range of evolving luminosity cuts (in the form

of MI,z = MI,z=0 − (1.4 × z), as presented in Section 5.6), where MI,z=0 is the

z = 0 lower magnitude limit applied. I also present lower and upper limits of

the disk sample size for stellar mass limited samples. In each case, I also give

the percentage of the whole sample that this represents (given in italics within

brackets).

As the process of debiasing the GZH catalogue is still in its preliminary stages,

more work is required to explore the corrections applied, as well as attempt to

debias a larger proportion of the GZH COSMOS, and full GZH catalogues. This

will provide more accurate measures of how many disk galaxies are present within

the GZH COSMOS catalogue.

In the next section, I use the newly debiased GZH COSMOS catalogue to

explore the redshift evolution of the bar fraction, and compare it with the re-

sults presented in Chapter 3. This will be the first application of the debiased

catalogue.

5.8 The debiased redshift evolution of the bar

fraction

In order to explore the effects the debiasing has on the COSMOS pfeatures clas-

sifications, I remake Figure 3.7, which explores the redshift evolution of the bar

fraction for GZH COSMOS disk galaxies, using an original and debiased sample

of classifications. The selection of disk and barred disk galaxies will follow the

criteria as before, with morphological selections given in Sections 3.2.2 and 5.6,

and using the evolving luminosity cut described by Equation 5.17, in Section 5.6.

The final original and debiased samples are described as follows;

Original sample: this sample uses the user weighted, but not debiased classi-

fications introduced, described, and used in Chapters 2 and 3. Ndisks = 3, 427;
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Figure 5.14: Redshift evolution of the bar fraction for two disk galaxy samples;
1−the original, uncorrected sample (black diamonds); 2−the debiased sample
containing only galaxies with corrected vote fractions (green squares). 1σ error
bars are shown for each point, and points for the same redshift bin have been
staggered for ease of viewing.

Nbars = 567; fbar = 17± 1%.

Debiased sample: this sample contains only galaxies that have been debiased

using the method described in Section 5.7 (i.e. those galaxies that fall within the

white sub-bins in Figure 5.7). Ndisks = 3, 263; Nbars = 336; fbar = 10± 1%.

Figure 5.14 shows the redshift evolution of the bar fraction for both disk

galaxy samples. In each case, the increasing bar fraction with decreasing redshift

observed in Chapter 3 can be seen. As postulated in Chapter 3, the observed

bar fraction evolution for a selection using uncorrected vote fractions is an un-

derestimate of the true evolution over cosmic time. For the uncorrected disk

galaxy sample (black diamonds in Figure 5.14) the bar fraction increases from

fbar = 9 ± 2% at z = 1, to fbar = 26 ± 2% at z = 0.3. When using only disk

galaxies selected with corrected vote fractions (green squares in Figure 5.14), the
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Figure 5.15: Histograms showing the number of COSMOS GZH galaxies being
classified as face-on disk (left panels) and barred disk (right panels) galaxies across
the redshift range z = 0.3 − 1. The top row shows the original sample, and the
bottom shows the debiased sample.

increase with redshift becomes larger, rising from fbar = 4 ± 1% at z = 1, to

fbar = 24± 2% at z = 0.3.

As both the original and debiased samples exhibit similar bar fractions at

z = 0.3, the more rapid increase of the bar fraction up to this point since z = 1

for the debiased sample provides evidence that disk galaxies with subtle, or no

obvious features were not being included in the original disk galaxy sample due to

them being classified as ‘smooth’ by GZ volunteers. Whilst Figure 5.14 intimates

that this effect becomes larger towards higher redshifts, Figure 5.15 confirms this.

From Figure 5.15, it is clear that the number of disk galaxies identified using

the original classifications remains fairly level across all redshifts (barring the

peak in the lowest redshift bin). However, for the debiased sample, the number

of disk galaxies identified increases steadily towards higher redshifts. Therefore,
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there is a greater loss in galaxies being classified as smooth, rather than disk-like,

towards higher redshifts. Once this has been corrected for, the increase in the

bar fraction since z = 1 becomes larger.

For each sample, the trend of a decreasing number of bars with redshift is

observed. Section 5.6 shows that it is more likely to be the fading of the low

surface brightness disk that affects whether a galaxy is included in a disk, or

barred disk galaxy sample. This is because the bar structure, which has a higher

surface brightness than the disk, remains easier to observe, and therefore classify

out to higher redshifts than the disk counterpart. Therefore, once the GZH

catalogue has been fully corrected for potential observational biases, the trend of

the increasing bar fraction with redshift should not alter significantly compared

to when using only the corrected vote fractions for pfeatures.

Figure 5.15 also shows that for the two lowest δz = 0.1 redshift bins (i.e.

0.3 ≤ z ≤ 0.5), there are less galaxies classified as disk-like in the debiased sample

than in the original sample. This is not due to large proportions of these original

disk galaxies being debiased, with their corrected pfeatures values falling below

the required threshold (pfeatures ≥ 0.5). Instead, these galaxies are found within

redshift-surface brightness bins where there is currently not enough information

(typically not enough galaxies in the case of these galaxies) for a statistically

significant correction to be made. This is also true for the lowest redshift bin for

barred disk galaxies.

Despite this, any galaxies that are part of the original disk galaxy sample,

but omitted from the debiased disk sample at these lower redshifts, do have lower

and upper estimates of their pfeatures values provided. For all such galaxies, these

do have pfeatures ≥ 0.5 for their upper bounds, so are likely to be truly disk-like in

reality. With further work yet to be done on debiasing the GZH catalogue, such

anomalies should become limited with improvements in the debiasing technique.

I note that, if galaxies where their upper pfeatures values are greater than 0.5 (i.e.

eligible to be included in the disk galaxy sample) are included in Figure 5.14, the

overall trend of an increasing bar fraction with decreasing redshift remains.
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5.9 A prescription for debiasing morphological

classifications revisited

In Section 5.3 I presented a set of steps that should be followed in order to

measure and correct for the effects of observational biases on the morphological

classifications of high redshift galaxies. The subsequent sections focused on a

specific route through these steps that led to preliminary work by the GZ science

team and myself, in order to debias the GZH galaxy catalogue.

In this section, I will revisit the steps presented in Section 5.3, discussing the

pros and cons for each step based on our approach. Furthermore, where applica-

ble, I will provide the reader with advice on how to build upon the preliminary

work of the GZ science team, in order to make their method of morphological

debiasing as accurate and efficient as possible.

5.9.1 Identifying a sample of observed real galaxies to ar-

tificially redshift

In debiasing the GZH catalogue, the low redshift galaxies used to be artificially

redshifted were imaged by the SDSS. For current work, SDSS provides the most

suitable catalogue to explore, as it spans a range of galaxy properties (masses,

morphologies, sizes), and is large enough (1,000,000+ galaxies) for a range of

sample sizes to be made. Furthermore, it has the required resolution in order for

the substructural features of galaxies to be observed and classified.

For any works that wish to debias a catalogue of galaxies that span beyond z =

1, SDSS galaxies are no longer suitable, due to all features becoming washed out.

Instead, another option may be to use HST imaged galaxies of mid-low redshift

galaxies (z = 0 − 0.3). The resolution of these images would be excellent, and

so features should not be washed out when artificially redshifted. However, the

number of galaxies from which to make the control sample would be significantly

smaller than the SDSS catalogue. For example, if mid-low redshift (0.2 < z < 0.4)

galaxies from the GZH COSMOS catalogue were used, the number of galaxies

available to make the control sample would be roughly two orders of magnitude

smaller than that of the SDSS catalogue.

For future works, Euclid would likely be a better option for both cases noted

above. The increased survey coverage (15,000 square degrees) is expected to
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image around one billion galaxies, a magnitude large than the SDSS galaxy sample

available. With an expected resolution comparable to the HST (0.1 arcsec/pixel),

and visible and near-infrared imaging, Euclid imaged low redshift galaxies will

be ideal for the process of artificial redshifting. Furthermore, there will be two

20 degree deep fields that will provide a sample of higher redshift galaxies that

can be artificially redshifted to z > 1 if required.

In identifying a low redshift sample of galaxies that would be artificially red-

shifted, the GZ science team chose 288 that spanned a range of morphologies and

surface brightness values. The sample has proved suitable for debiasing 67% of

the GZH COSMOS catalogue (when including those galaxies with pfeatures upper

limits calculated), but an increased number of SDSS galaxies could have been

chosen. Furthermore, galaxies that began with lower surface brightnesses were

not useful in the process, as they quickly faded when being artificially redshifted.

For any future works that use SDSS galaxies as their low redshift sample, I

would advise the reader to initially artificially redshift a subsample of galaxies

that span a range of surface brightness values for each morphological sample they

intend to explore. This process will identify reasonable limits on how low a control

samples galaxy surface brightness can be in order for its z = 0.3− 1 counterparts

to still be visible. With reasonable limits set on what control sample galaxies can

be successfully redshifted and re-classified at higher redshifts, the reader will use

the required computational time more efficiently.

In terms of the sample size of low redshift galaxy chosen to be artificially

redshifted, this is still dependent on the time and computational power avail-

able to the reader, and the size of control sample desired to match the observed

morphology errors.

5.9.2 Creating a control sample of galaxies

To create the control sample described in this chapter, the GZ science used the

FERENGI code. At the time of writing, this is the only publicly available code

that produces artificially redshifted galaxies that were suitable to the teams needs.

However, over time other codes may become available. Additionally, the FER-

ENGI code may be adapted and improved upon. For example, the FERENGI

code could be improved by including a bulge-disk decomposition. This would

allow for the disk, bulge, bar, and spiral arms of a disk galaxy to be identified,

allowing for separate evolutionary terms to be applied to each component, unlike



CHAPTER 5. ADDRESSING OBSERVATIONAL BIASES 185

the current method, where the evolutionary term is applied to the galaxy as a

whole, which is unrealistic. Alternatively, the reader may wish to write a new

program that incorporates this, as well as any other adaptations. This could

possibly produce a streamlined code, which may run quicker than the original

FERENGI code.

Specifically for addressing the effects of observational biases on the morpho-

logical classifications of GZH galaxies, a range of redshifts were chosen for SDSS

galaxies to be artificially redshifted to. Whilst all SDSS galaxies have a z = 1

artificial image counterpart, not all have a z = 0.3 counterpart. When design-

ing the FERENGI control sample, the GZ science team chose to have staggered

starting redshifts for artificial galaxy images. This led to 2,665 FERENGI galax-

ies being discarded from the debiasing process, as it is a requirement that they

have a z = 0.3 counterpart to behave as the base morphological measurement

of the galaxy. For any future iterations of this process, all artificially redshifted

galaxies would have a z = 0.3 galaxy, and all would be redshifted across the same

increments.

The FERENGI code itself is a useful tool for the process of artificially red-

shifting galaxies. The adaptability of the FERENGI code means that it is not

limited to only artificially redshifting SDSS galaxies to produce galaxies with

properties comparable to observed HST galaxies. Firstly, the input galaxies do

not have to be SDSS ones. Secondly, the properties of the artificially redshifted

galaxies can be edited so that they have comparable properties that match any

requirements. Furthermore, the steps between redshift increments, and between

levels of evolutionary corrections applied, can be altered to be either more, or

less in both cases.

To artificially redshift the 288 SDSS galaxies, in order to make an initial sam-

ple of 6,624 FERENGI galaxies, the time required was approximately 72 hours6,

with this work being completed on a standard laptop. Therefore, it is entirely

plausible that this process can be replicated, and could be scaled up consider-

ably, and still be feasible in terms of computational time required. Furthermore,

if the user had access to a super computer, then the input sample size could be

increased by a much larger factor, with this being dependent on the computer

power available. Alternatively, the number of redshift increments, or evolutionary

corrections added could also be increased.

6Estimate provided by E. Cheung.
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As with other steps, the limits are different for each individual basis, and

should be investigated by the reader before starting. It is also important the

reader ensures that, if the number of artificially redshifted galaxies produced is

increased significantly, the morphological classification of these galaxies is still

feasible7.

5.10 Summary and future work

In this chapter I provide a step by step manual of how to address, and then correct,

for the effects of observational biases on visual morphological classifications of

galaxies across the redshift range 0.3 ≤ z ≤ 1. In addition to the outline of how

to do this, I provide a detailed description of how the GZ science team and myself

have attempted this in order to debias the visual morphological classifications of

the GZH catalogue, with a summary of this work described below.

I first describe the main observational biases that could affect the observed

morphologies of galaxies across a wide redshift range, and thus how they are

classified. Once identified I present a sample of 288 SDSS galaxies, with mor-

phological classifications from GZ2, which have been artificially redshifted up to

z = 1 (in δz = 0.1 increments). This sample of 6,624 artificially redshifted galax-

ies (the FERENGI sample) provides a control sample of galaxies whose observed

morphologies at differing redshifts are only changed by observational biases, and

not true galaxy evolution over this epoch.

The FERENGI sample is split into redshift-surface brightness bins in order

to identify which GZH galaxies can have their pfeatures classification corrected for

observational biases, and which are in areas where a sufficient control sample

is unavailable to make the correction. Of the 46,703 COSMOS galaxies that

are found in both the GZH and UltraVISTA DR1 catalogues, and within the

correctable redshift range 0.3 ≤ z ≤ 1.0; 15,855 (34.0%) are correctable; 15,510

(33.2%) currently have lower and upper limits for their pfeatures values; and 15,338

(32.8%) currently do not have the desired control sample to make an accurate

correction.

In a first use of the debiased GZH catalogue, I show that the redshift evolution

of the bar fraction observed in Chapter 3 is a lower estimate of the rate at which

the bar fraction increases per unit time as the Universe ages, with the uncorrected

7Typically there are ∼ 15, 000 classifications per week via the Galaxy Zoo website.
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bar fraction rising from fbar = 9± 2% at z = 1, to fbar = 26± 2% at z = 0.3, and

the corrected bar fraction increasing from fbar = 4±1% at z = 1, to fbar = 24±2%

at z = 0.3. I show that, due to observational biases, this is because disk galaxies

are more likely to be classified as smooth or featureless towards higher redshifts,

and are therefore missed from the uncorrected disk galaxy sample. By exploring

the redshift evolution of the bar fraction for the FERENGI sample, I show that

it is fading disks that are more likely to affect the observed bar fraction, as the

high surface brightness bar structures are less affected by observational biases.

Future work

The eventual aim of the preliminary work presented in this chapter is to provide

a debiased GZH catalogue that has corrections provided for answers to questions

further down the GZH decision tree. Here, I present a list that suggests future

work that is required to ensure this happens.

Increased size of control sample: the method described in this chapter is

currently able to debias 34% of the observed galaxies in the GZH COSMOS

catalogue, with a further 33% having lower and upper pfeatures values calculated.

Whilst I have already mentioned that there are areas of the redshift-surface bright-

ness matrix that are almost impossible to populate (i.e. due to the limit of very

bright galaxies in the local universe), there are certain bins that currently do not

have the required number of control galaxies, but either still, or could provide a

correction. By increasing the number of local galaxies that are artificially red-

shifted, the number of control galaxies in these (and other) bins will increase, thus

offering corrections to more galaxies. This may also be needed when exploring

the morphological substructures of galaxies that appear further down the GZH

tree, although limitations of the number of bright galaxies in the local universe

that retain the required feature out to z = 1 may once again be a problem.

Address potential errors in the control sample: there are two potential

additional biases that must be considered when using the FERENGI control

sample to correct for observational biases in the GZH catalogue.

The first of these is how the making of the colour images of the FERENGI

and GZH samples differ, and what effect this could have when being classified by

GZ volunteers. The SDSS images that are artificially redshifted to produce the

FERENGI control sample are colourised by combining the fluxes of g, r, and i

(red, blue, and green respectively) filters, thus the observed galaxy and its colours
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are obtained from the same filters. However, for the COSMOS galaxies this is not

true as the image is taken by the ACS camera, which has exceptional resolution,

but the pseudo colours are from ground based imaging from the Subaru BJ , r+,

and i+ (red, blue, and green respectively) filters.

With the images of COSMOS galaxies differing in resolution to the applica-

tion of colour from ground based filters, along with the different method used to

create the artificially redshifted colour images, it is possible that the appearance

of a galaxy’s morphology (either as a whole or specific substructures) could differ

between the two methods. The differing appearance could lead to contrasting

morphological classifications by GZ volunteers that would not be due to obser-

vational biases. Therefore, the impact this has, and whether it is dependent on

redshift, needs to be quantified, and, if it is necessary, addressed.

Secondly, when creating the FERENGI sample, I briefly described an evolu-

tionary term (ε) that can be applied at varying levels (ε = 0 − 3 in δε = 0.5

increments) to the artificially redshifted galaxy. Whilst a function that brightens

the luminosity of a galaxy is required to produce galaxies with similar properties

to those observed at higher redshifts, this evolution correction is applied to the

artificially redshifted galaxy as a whole. Therefore, when an evolutionary correc-

tion is applied to a galaxy, the brightness of all of its substructural features are

enhanced equally. However, each morphological feature is likely to have a dif-

fering luminosity evolution across cosmic time (i.e. a bar would not require the

same evolutionary correction as spiral arms over the redshift range z = 0.3− 1).

To date, the luminosity evolution of each morphological substructure with

cosmic time has not been quantified in great detail. However, a test that explores

how the GZ vote fractions of morphological substructures evolve with luminos-

ity/redshift can be designed in order to understand how the luminosity of each

substructure evolves with time. A better understanding of this will provide infor-

mation regarding how much the evolution term applied biases the control sample

for given morphological substructures, if at all.

Incorporating simulated galaxies into the method: in the current live

version of GZ, simulated galaxies (currently with z = 0 redshifts), produced by

the Illustris simulations (Nelson et al., 2015) are being classified by GZ volunteers.

In the near future, when images of galaxies from this simulation are available up to

(and possibly beyond) z = 1, the morphological classifications for each individual

galaxy could be tracked across cosmic time.
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The images produced by the Illustris simulations would offer a different per-

spective of how to debias the GZH catalogue, as these images would not be subject

to observational biases. Instead, other aspects that are difficult to account for

using the FERENGI control sample can be explored. One such aspect is varying

the viewing angle of a galaxy to determine how its morphology is perceived from

different viewing perspectives.

Additionally, the observed trends of differing morphological features within a

galaxy population over cosmic time in the Illustris sample provides a prediction

as to what should be observed in the real universe once observational biases are

removed. Therefore, once the GZH galaxies that can be corrected have been, the

two catalogues can be compared in an effort to test how effective the debiasing

process has been. This may also provide a complementary test as to how accurate

the Illustris simulations have been at simulating galaxy evolution across cosmic

time.



Chapter 6

Redshift evolution of

colour-morphology relations

6.1 Introduction

Galaxies can be classified by several means, with two of the most common being

classifications made by their colours and morphologies. Both of these parameters

produce bimodal populations, with galaxies generally being either blue or red

in colour, and either smooth and (mostly) elliptical or disk-like with internal

morphological structures visible.

These bimodal relationships have been observed and explored numerous times

at low redshifts (e.g. Baldry et al. 2004; Park & Choi 2005; Cooray 2005; Lee et al.

2008; Bamford et al. 2009, and Skibba et al. 2009), with colour populations and

their bimodality being observed many times at higher redshifts (e.g. Bell et al.

2004; Cirasuolo et al. 2007; Franzetti et al. 2006; Salimbeni et al. 2008; Drory

et al. 2009, and Cardamone et al. 2010). Whilst the bimodality is still present

towards higher redshifts, it does become diluted as the two populations begin to

mix together (Cirasuolo et al., 2007). This mixing of populations generally sees

the blue cloud remain, with the red sequence diminishing and becoming bluer.

Whilst there is debate as to when the red sequence and the blue cloud are no

longer observed as two populations, current observations find that this bimodality

is apparent up to z ∼ 1.5 (Cirasuolo et al., 2007; Franzetti et al., 2006), with some

evidence that this may even extend to z ∼ 2− 3 (Giallongo et al., 2005; Fontana

et al., 2009).

While it is often expected that red galaxies are ‘red and dead’ ellipticals,

190
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and blue galaxies are star forming disk galaxies, several low redshift observations

(z < 0.1) show that a specific colour does not always correspond to a specific

galaxy morphology (e.g. Lee et al. 2008; Schawinski et al. 2007, 2009; Deng

et al. 2009; Wolf et al. 2009; Masters et al. 2010). For example, Schawinski et al.

(2009) found that 6% of elliptical galaxies are optically blue in u − r colour,

whilst Masters et al. (2010) find that 20% of all face-on disk galaxies, and even

6% of late type face-on disk galaxies, are optically red in g − r colour. These

populations of blue ellipticals and red disks have also been observed at higher

redshifts (z > 0.1) (Bundy et al., 2006; Stockton et al., 2008; Ferreras et al.,

2009; Bundy et al., 2010).

Whilst the colour populations have been observed in great detail at higher

redshifts, the exploration of morphological populations of galaxies beyond z > 0.1

has been limited. The main limitation in this field was the inability to resolve

the finer structures of these high redshift galaxies. However, with Hubble Space

Telescope (HST) imaging, the resolution improved markedly, leading to images

of galaxies where structures as small as 1 kpc are resolvable (see Figure 2.2 in

Chapter 2).

In this chapter I intend to build upon previous observations of galaxy colour

populations up to z = 1, using observations from the COSMOS field. To build

upon current understanding of the evolution of these colour populations, I will

also incorporate morphological information for the COSMOS galaxies, with this

data coming from Galaxy Zoo: Hubble. This will build on the work exploring the

redshift evolution of the bar fraction in COSMOS field, as observed in Chapter 3,

to better understand how disk and barred disk galaxies evolve over this epoch.

I begin this chapter by discussing my sample selection, which includes lumi-

nosity and redshift criteria, removing dust reddened galaxies, and defining my

disk and barred disk samples. In Section 6.3 I present the results of my observa-

tions, with a discussion presented in Section 6.4. Finally, in Section 6.5 I conclude

my findings, and discuss future work that is required in this area.

Some of this work has been presented as part of a AAS227 poster (Galloway,

Melvin et al., 2016), but the work presented in this chapter is my own, unless

where stated.
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Figure 6.1: Colour-colour diagram, showing rest-frame NUV − r versus rest-
frame r− J for the whole GZH sample across four redshift bins. The derivations
showing how the blue diagonal and red horizontal lines are chosen are given in
the main text, and are chosen so that dust-reddened galaxies are removed from
the red sequence. Dust-reddened galaxies (blue points) are those that are found
in the top right quadrant of each graph, i.e. with NUV − r colours greater than
the horizontal line, but also less than the diagonal line.

6.2 Data & Sample

The work in this chapter continues to use observational data from the Cosmic

Evolution Survey (COSMOS), with visual morphological classifications provided

from the Galaxy Zoo: Hubble (GZH) project. To explore how the colour pop-

ulations of galaxies evolve since z = 1, I combine the COSMOS and GZH data

with rest-frame colours from the UltraVISTA catalogue (McCracken et al., 2012;

Ilbert et al., 2013). This produces an initial catalogue of 86,314 galaxies, which

reduces to 26,452 for galaxies that fall in the redshift range 0.2 ≤ z ≤ 1.0.

6.2.1 Removing dusty galaxies

To be able to explore the passive red sequence, I remove star forming galaxies

whose colours have been reddened by dust, as these are not truly red passive

galaxies. I do this by plotting the rest frame NUV − r versus r − J colours

(Figure 6.1) in four redshift bins (z = 0.2−0.4, 0.4−0.6, 0.6−0.8, and 0.8−1.0).

These colour-colour diagram combine UV−optical−near-IR filters. This choice

of filters produces a bimodal population whereby star forming galaxies lie in a

diagonal track across the diagram, and quiescent galaxies lie as a static ‘blob’,



CHAPTER 6. COLOUR-MORPHOLOGY EVOLUTION 193

Table 6.1: Number of galaxies in each redshift in before and after dusty galaxies
are removed. Also shown are the number, and percentage of dusty galaxies that
are identified in each redshift slice.

Redshift bin Original Ngals Ndusty % dusty Final Ngals

0.2− 0.4 7876 129 1.6 7747
0.4− 0.6 5713 224 3.9 5489
0.6− 0.8 6462 332 5.1 6130
0.8− 1.0 6401 182 2.8 6219

Total 26452 867 3.3 25585

positioned red in NUV − r colours, but blue in r− J colours (see Williams et al.

2009).

To remove the dust reddened galaxies, I apply two NUV −r colour cuts to the

colour-colour diagrams (similar to those applied in Drory et al. 2009 and Bundy

et al. 2010). The first of these is a horizontal cut (green line in Figure 6.1), which

is the bimodal cut in NUV − r colours. This fit is chosen based on combining

all five redshift bins (i.e. the fit is applied to all galaxies from z = 0.2 − 1.0),

as all colours have been k-corrected to z = 0. The horizontal line is given by

NUV − r = 4.0, which is selected by applying a horizontal line that passes

directly below the described concentrated population of passive galaxies.

The second relationship is a diagonal cut, and is produced by applying a

linear fit to GZH disk galaxies (pdisk ≥ 0.8)1, but shifted by 0.8 mag redder to

pass above the disks. Again, as all galaxies have had their colours k-corrected to

the rest-frame, I choose to apply the fit to all the disk galaxies across all redshifts.

The diagonal colour cut is given by the formula;

NUV − r = 1.6 + 2.2(r − J). (6.1)

I identify dust reddened galaxies as those that lie above the horizontal cut and

also below the diagonal cut (blue points in Figure 6.1). Galaxies that are found in

this region of the colour-colour diagrams are removed from the sample, reducing

it to 25,585 galaxies. Table 6.1 shows a detailed breakdown of the number, and

percentage, of dusty galaxies removed from each δz = 0.2 redshift bin.

1All volunteers are asked ’Is the galaxy simply smooth and rounded, with no sign of a disk? ’
for each COSMOS galaxy. Those with a vote-fraction of 0.8 or greater for the ’Features or disk ’
answer are classified as a GZH disk galaxy.
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Figure 6.2: Redshift-magnitude diagram of all COSMOS galaxies that have visual
classifications from GZH, and k-corrected data from the UltraVISTA catalogue.
The magnitudes for each galaxy are k-corrected r−band magnitudes from the
UltraVISTA catalogue. Over plotted are bins of average pfeatures for ∼ 50 galaxies,
with the range of pfeatures shown by the colour bar. An evolving luminosity cut,
shown by the red quadrilateral shape, is applied to the galaxy sample, which is
chosen to ensure galaxies are bright enough for their features to be classified by
GZ volunteers.

6.2.2 Luminosity selections

The ability of GZ volunteers to classify the visual morphologies of galaxies can

be dependent on how bright the galaxy appears, with sub-structural features of

galaxies becoming indistinguishable when a galaxy becomes either to faint, or has

low surface brightness (see Chapter 5). For galaxies that fall into this category, GZ

volunteers may classify such a galaxy as ‘smooth’ (when asked the first question

in the GZ decision tree ‘Is the galaxy simply smooth and rounded, with no sign

of a disk?’), as visually they appear smooth, even if they may have a disk. As

a first step to combat potential biasing from this observational effect, I apply

an evolving magnitude limit to the GZH sample, including only the brightest

galaxies at any redshift.

Figure 6.2 shows the redshift-magnitude diagram for all COSMOS galaxies
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with GZH classifications and UltraVISTA data, with k-corrected r−band mag-

nitudes from the UltraVISTA sample used. Over plotted are redshift-magnitude

bins (each containing ∼ 50 galaxies) of the mean pfeatures values of these galaxies,

where pfeatures is the fraction of GZ volunteers who classify a galaxy as hav-

ing a disk or features in response to the first question of the decision tree (i.e.

pfeatures = 1 is a galaxy that is obviously featured and/or a disk, and pfeatures = 0

is a smooth galaxy with no obvious features).

At all redshifts, there is a small range of magnitudes above the lower mag-

nitude limit where the mean value of pfeatures is low (< 0.3). Whilst there will

be galaxies with observable features in these regions, the low mean values of

pfeatures may be an untrue reflection of these galaxies (due to the reasons previ-

ously described). To avoid this potential biasing, I apply a conservative, evolving

luminosity cut in the form of;

Mr = −19.6− (1.4× z), (6.2)

where z is the redshift. The selection of this evolving luminosity cut is the same

as used in Section 5.6, with a description of why it is chosen provided there.

All galaxies that fall within the redshift range 0.2 ≤ z ≤ 1.0, and are brighter

than this criteria, are selected as part of the final sample of galaxies used in this

work (i.e. those galaxies that are found within the red quadrilateral shape in

Figure 6.2).

Applying this magnitude criteria produces a final sample of 10,683 galaxies,

which will be split into four redshift slices; 0.2 ≤ z ≤ 0.4; 0.4 < z ≤ 0.6;

0.6 < z ≤ 0.8; 0.8 < z ≤ 1.0. A breakdown of the final number of galaxies in

each of these redshift bins is shown in Table 6.2.

6.2.3 Selecting disk and barred disk galaxies

To select galaxies that are featured disks or barred disk galaxies, I use the same

criteria as described in Section 3.2.2. A summary of the thresholds applied to the

GZH classification data is as follows;

• pfeatures ≥ 0.5

• pnot−edgeon ≥ 0.5

• pnot−clumpy ≥ 0.5

• inclination [log(a/b)] ≤ 0.3
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• pmerger ≤ 0.65 with a minimum of 18 volunteers answering the Is there

anything odd? question (final question of the GZH decision tree - Figure 3.3)

The thresholds shown above will be applied to two classification types given

by the GZH data. The first galaxy sample will use the original GZH classifi-

cations, which have only been weighted depending on the consistency of each

volunteers classifications (as used in Chapter 3). This sample will be known as

the GZHoriginal sample hereafter.

The second galaxy sample will use classifications that have been debiased,

and corrected using the methodology described in Chapter 5. Therefore, for

this sample selection, the pfeatures used to define a disk and barred disk sample,

will have been debiased. This sample will be known as the GZHdebiased sample

hereafter. As the number of galaxies that were correctable in Chapter 5 only

made up a fraction of the total GZH galaxy sample (17,262/70,032), the debiased

disk and barred disk samples are likely to be smaller than those produced for the

GZHoriginal galaxy sample.

Furthermore, the GZHdebiased sample will be biased in favour of the brightest

galaxies. This is due to the current method of debiasing used on the GZH cata-

logue, whereby corrections are calculated for galaxies with high surface brightness

values, with lower surface brightness galaxies typically uncorrectable. However,

the implementation of a conservative luminosity cut (Equation 6.2) should min-

imise the effects this bias has on any observed trends.

6.3 Results

6.3.1 Colour-magnitude diagrams

Figure 6.3 shows the rest-frame, k-corrected colour magnitude diagrams for the

GZHoriginal (a − d) and GZHdebiased (e − h) samples in δz = 0.2 redshift bins,

from z = 0.2 − 1.0, with bins a and e being the lowest redshift bins for each

sample, and d and h the highest redshift bins. I apply a magnitude dependent

colour cut, shown by the red line, which is derived by an exploration of NUV − r
colours across δMI = 0.5 magnitude bins. As all galaxies have had their colours k-

corrected to the rest-frame, I perform this analysis on the galaxy sample spanning

0.2 ≤ z ≤ 1.0 as a whole, using the GZHoriginal sample as the base, as this is a

much larger sample to work with. For each δMI = 0.5 magnitude bin, a double
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Figure 6.3: Rest-frame colour magnitude diagram of the GZHoriginal sample across
four redshift bins (a − d; z = 0.2 − 0.4; 0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0), and the
GZHdebiased sample (e − h; z = 0.2 − 0.4; 0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0). Also
shown are contours tracing the galaxies in each bin, as well as colour-coded bins,
which show the mean pfeatures in each of the given bins. Each bin contains ∼ 50
galaxies, with the average pfeatures ranging from 0-1.0, with this range shown by
the colour bar on the right.
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Gaussian fit is added to the typically bimodal colour population, with the value

at the trough signifying the split between blue cloud and red sequence galaxies. I

apply a linear fit through each of these troughs, producing the cut shown, which

is the same at all redshift values. The colour cut is defined by the equation;

NUV − r = 2.13− 0.077(Mr). (6.3)

To ensure there is no cross-contamination between blue and red galaxies, I

add 1σ errors to this criteria (dashed red lines). Galaxies that lie below the lower

dashed line are defined as blue cloud galaxies, whilst galaxies found above the

top dashed line are defined as red sequence galaxies, and those falling between

the two populations being ‘green valley’ galaxies. Over plotted on these colour-

magnitude diagrams are 2D bins showing the average pfeatures values at a given

colour-magnitude value. There are ∼ 50 galaxies within each of these bins, with

88.4% (panel a; z = 0.2 − 0.4), 90.1% (panel b; z = 0.4 − 0.6), 91.3% (panel c;

z = 0.6 − 0.8), and 93.5% (panel d; z = 0.8 − 1.0) of all galaxies being binned

in each redshift slice for the GZHoriginal sample. For the GZHdebiased sample, the

following percentage of galaxies are included in the coloured bins; 73.6% (panel

e; z = 0.2− 0.4), 85.6% (panel f; z = 0.4− 0.6), 67.1% (panel g; z = 0.6− 0.8),

and 70.4% (panel h; z = 0.8− 1.0)

When analysing the trends of the colour populations, I will only consider

the larger GZHoriginal galaxy sample, as the GZHdebiased sample is considerably

smaller, and the corrected morphologies play no part in the measured colours

of each galaxy. Furthermore, the potential bias mentioned previously, whereby

typically only the brightest galaxies within the GZHdebiased sample have been

debiased, is likely to bias any trends observed for each of the colour populations.

I find that the blue cloud and red sequence populations have grown apart

from each other since z = 1. Figure 6.4 illustrates this, showing that the red

sequence has become redder as the universe has aged, with the mean NUV − r
colour increasing from 4.84± 0.45 at z = 1, to 5.44± 0.64 at z = 0.2. Similarly,

the blue cloud has become bluer over this time, with the mean NUV − r colour

decreasing from 2.92±0.63 at z = 1, to 2.63±0.69 at z = 0.2. These trends have

also been reported by other works (e.g. Franzetti et al. 2006, Cirasuolo et al.

2007, and Salimbeni et al. 2008).

In Figure 6.5 I show how the fractions of galaxies in each colour population,

including those found in the green valley (all galaxies found within the two dashed
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Figure 6.4: Redshift evolution of the mean NUV − r colours if the red sequence
and blue cloud across four redshift slices. Also shown are 1σ error bars for each
plotted point.

lines in Figure 6.3), evolve with time in three absolute magnitude bins (Mr >

−21.5; −21.5 ≥ Mr > −22.5; Mr ≤ −22.5). I find that, as a whole sample, the

most luminous galaxies are more likely to be part of the red sequence, whilst the

less luminous galaxies are predominantly part of the blue cloud, which is also

observed in the local universe (Baldry et al., 2006). In all three magnitude bins,

I find that an increasing fraction of galaxies are found within the red sequence

as the universe ages. This increase is most prominent for the brightest galaxies

(Mr ≤ −22.5), where the fraction of all galaxies found in the red sequence rises

from 42± 1% at z = 0.8− 1.0, to 68± 4% at z = 0.2− 0.4.

In the brightest absolute magnitude bin (right panel of Figure 6.5) the fraction

of all galaxies found in the blue cloud is anti-correlated with the trend observed

for the red sequence galaxies, with the fraction halving from 33±1% in the highest

redshift bin, down to 16 ± 3% in the lowest redshift bin. However, this trend is

not seen in the two dimmer absolute magnitude bins, where the fraction of all

galaxies making up the blue cloud remains level across the whole epoch.

Finally, I observe a slight, but consistent trend for ‘green valley’ galaxies across

all magnitudes. I observe a decline in the fraction of galaxies at all magnitudes

towards lower redshifts, decreasing from 25 ± 1%, to 16 ± 3% for the brightest
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Figure 6.5: Tracking how the fraction of GZHoriginal sample galaxies in each colour
population evolves with time in three absolute magnitude bins ((Mr > −21.5;
−21.5 ≥Mr > −22.5; Mr ≤ −22.5). Additional, 1σ error bars are added to each
plotted point, but may be too small to observe in some cases.

magnitude galaxies (26±1% to 18±2% for the intermediate magnitude galaxies,

and 26± 4% to 16± 1% for the least luminous galaxies). The declining fraction

of galaxies in the green valley at towards redshifts provides further evidence that

the red sequence and blue cloud are becoming more distinct from each other at

lower redshifts, as illustrated in Figure 6.5.

6.3.2 Evolution of disk and barred disk galaxies in the

COSMOS field

In Section 6.2.3, I defined a sample of face-on disk galaxies and barred disk galax-

ies for the GZHoriginal and GZHdebiased galaxy samples, with each selection criteria

omitting any smooth or clumpy disk galaxies. Figure 6.6 shows the colour mag-

nitude diagram for all of the volume limited GZHoriginal (a− d) and GZHdebiased

(e − h) sample galaxies (grey points), with green and orange contours respec-

tively highlighting where the population of GZH defined featured disks lie on this

diagram. Barred disk galaxies are shown as purple filled circles for both galaxy

samples. As Figure 6.6 illustrates, the majority of disk galaxies, and barred

disk galaxies in the GZHoriginal sample are found in the blue cloud population

at all redshifts. For the GZHdebiased sample, the same is true of the barred disk

galaxies. However, there is a population of red disks present in the highest red-

shift bin (panel h), which disappears towards lower redshifts. This suggests a

reducing population of red disks as the universe ages, perhaps as red disks are

morphologically transformed.
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Figure 6.6: Rest-frame colour magnitude diagram of the volume limited
GZHoriginal (a − d) and GZHdebiased (e − h) samples (grey points) across four
redshift bins (z = 0.2 − 0.4; 0.4 − 0.6; 0.6 − 0.8; 0.8 − 1.0). Plotted over these
points are green (GZHoriginal) and orange (GZHdebiased) contours showing the pop-
ulation of galaxies defined as face-on disks (see Section 6.2.3), with barred disk
galaxies shown as purple points for both samples.
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Figure 6.7: Redshift evolution of the fraction of all GZHoriginal face-on disk galax-
ies (red solid, squares) and GZHdebiased face-on disk galaxies (red dashed, open
squares) that are part of the red sequence. I also plot the redshift evolution of the
fraction of all GZHoriginal barred disk galaxies (blue solid, circles) and GZHdebiased

barred disk galaxies (blue dashed, open circles) that are part of the red sequence
(blue dot-dashed, triangles). Each point also shows 1σ error bars. The z = 0
points come from SDSS imaged galaxies, which have GZ2 morphological classifi-
cations, and were provided by K. Masters (private communication).

The precise numbers of disk and barred disk galaxies in each of the three

colour populations (red sequence, blue cloud, green valley) for each of the four

redshift slices are given in Table 6.2. Numbers for the GZHoriginal sample are

shown first, with comparative numbers for the GZHdebiased sample given next to

these in italics and placed in brackets.

Observed redshift trends are as follows:

Red disks: Table 6.2 shows that, for the GZHoriginal sample, the absolute number

of disks, and barred disks found on the red sequence increases with decreasing

redshift. However, whilst the absolute number of GZHdebiased barred disk galaxies

increases towards lower redshifts, the absolute number of GZHdebiased red disks
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Figure 6.8: Top panel: redshift evolution of the bar fraction for GZHoriginal red
sequence face-on disks (red squares), blue cloud face-on disks (blue diamonds),
green valley face-on disks (green triangles), and the full volume limited GZH
sample of face-on disks (black circles). Bottom panel: redshift evolution of the
bar fraction for GZHdebiased red sequence face-on disks (red open squares), blue
cloud face-on disks (blue open diamonds), green valley face-on disks (green open
triangles), and the full volume limited GZH sample of face-on disks (black open
circles). For both panels, each point has 1σ errors added.
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actually reduces over the same epoch. The converse trends observed between

the two samples is due to an increased number of disk galaxies being part of

the GZHdebiased disk galaxy sample that, due to having a smooth appearance,

were omitted from the GZHoriginal disk galaxy sample, with this effect becoming

greater towards higher redshifts.

In Figure 6.7, I show how red disks as a fraction of the whole disk sample (i.e.

number of red disks/total number of disk in a given redshift bin) has evolved since

z = 1. When exploring the GZHoriginal sample, this figure shows an increase in the

fraction of all disk galaxies becoming part of the red sequence as the universe ages,

from 1± 1% at z = 1, to 8± 1% at z ∼ 0. However, when using the GZHdebiased

sample, the fraction of all disk galaxies being part of the red sequence decreases

from 26±2% at z = 1, to 11±2% at z ∼ 0. Again, this disagreement between the

trends in the two samples is driven by a larger number of disks being part of the

GZHdebiased sample at higher redshifts, which are omitted from the GZHoriginal

sample, due to these disks appearing morphologically smooth.

Barred disks: The redshift evolution of the bar fraction of disk galaxies is shown

in Figure 6.8, with the solid black circles in the top panel representing the whole

GZHoriginal galaxies, and open black circles in the bottom panel representing the

whole GZHdebiased galaxies. This is split further into blue cloud (blue diamonds),

red sequence (red squares), and green valley (green triangles) disks, with the top

panel showing the trends for the GZHoriginal sample, and the bottom panel for the

GZHdebiased sample. Despite all samples being noisy due to small sample sizes,

each exhibit an increasing bar fraction with decreasing redshift, with this trend

enhanced for each colour population when using debiased morphologies.

The bar fraction of red sequence disks is zero at z = 1, and around 50% at

z = 0.2 (fbar = 54± 6% for GZHoriginal, and fbar = 49± 8% for GZHdebiased). The

bar fraction for GZHoriginal disks is higher than for all other colour populations

at z < 0.8, but this is not true for GZHdebiased disks. For this sample, the growth

in the bar fraction for red sequence GZHdebiased disks is gradual, with only the

z = 0.2− 0.4 redshift bin being a higher bar fraction than observed for all other

GZHdebiased disk colour populations. This is likely due to the increased number

of unbarred disks included in the debiased galaxy sample, specifically at higher

redshifts, which will dampen the observed bar fraction growth in comparison to

the growth exhibited by the GZHoriginal disk sample.
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It is worth noting that for both the GZHoriginal and GZHdebiased samples, the

bar fraction increases with decreasing redshift for all colour populations, and

hence for each disk population overall.

In Figure 6.7, I explore how red barred disks as a fraction of all barred disks

(i.e. number of red barred disks/total number of barred disks in a given redshift

bin) has evolved with redshift. As observed with the GZHoriginal disk galaxies, the

fraction of all GZHoriginal barred disk galaxies that are part of the red sequence

population increases towards lower redshifts, from 0% at z = 1, to 17 ± 3% at

z = 0. Similarly, the fraction of all GZHdebiased barred disk galaxies that are part

of the red sequence population also increases with decreasing redshift, from 0%

at z = 1, to 22± 4% at z = 0.

Numbers for low redshift disk and barred disk samples were provided by K.

Masters (private communication), and are similar to those published in Masters

et al. (2011) (but with a slightly different sample selection).

6.4 Discussion: A maturing disk galaxy popu-

lation

I have explored the evolving colour and morphology demographics of COSMOS

galaxies since z = 1. To do this, I used the original GZH visual morphological

classifications (GZHoriginal sample), and a second subsample where these classifi-

cations have been debiased (GZHdebiased sample), using the method described in

Chapter 5.

For the GZHoriginal sample, I find that the fraction of the whole galaxy pop-

ulation that are classified as disks increases, from 20± 1% at z = 1, to 33± 1%

at z = 0.2. This trend is also seen in each of the colour populations, although

the sample sizes for the red sequence make this too small to be statistically ro-

bust. For the GZHdebiased sample, the fraction of galaxies that are classified as

disks decreases over this epoch, from 55 ± 2% at z = 1, to 27 ± 1% at z = 0.2.

A similar decrease is seen in both the GZHdebiased red sequence and green valley

colour populations, but not for GZHdebiased blue cloud galaxies, where the fraction

of all galaxies being classified as disks fluctuates across this epoch, but does not

decrease by z = 0.2.

As the GZHoriginal sample is likely to be exhibiting the trends of disk galaxies
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that only have obvious features (i.e. bright spiral arms or barred structures), it is

the GZHdebiased sample that provides an insight into how the overall disk galaxy

population is evolving with time. Therefore, unless otherwise stated, my discus-

sion will only focus on the trends exhibited by the GZHdebiased galaxy sample.

The overall trend observed, where the fraction of all galaxies being disk galax-

ies decreases with decreasing redshift, suggests that the disk population as a whole

is maturing. There are two predominant theories for how disk galaxies evolve over

cosmic time. Firstly, for a disk galaxy that matures through only secular pro-

cesses, its visual morphology will change as its spiral arms gradually fade over

time as star formation ceases (Carlberg & Freedman, 1985). As this happens, the

remnant galaxy will become smoother in appearance, and will eventually become

S0 or lenticular-like in morphology (Bundy et al., 2010), especially if no barred

structure is present. Secondly, disk galaxies may also mature through non-secular

methods, such as through interactions. As red disks are typically found within

intermediate environments (e.g. Wolf et al. 2009), there is an increased likeli-

hood that they will be involved in galaxy-galaxy interactions. Such interactions,

whether minor or major merger, could change the galaxies morphology from disk-

like to an elliptical galaxy, once any interaction based bursts of star formation

have died down.

A maturing disk galaxy population can be specifically seen when observing

the red sequence galaxies, where the fraction of all GZHdebiased galaxies that are

disks reduces from 26 ± 2% at z = 1, to 11 ± 2% at z = 0.2. If I make the

assumption that red sequence galaxies are mature and have ceased forming stars,

then this decrease in the fraction of all red galaxies being red disks implies that

the red disk galaxy population matures over this epoch, evolving from a disk-like

morphology to lenticular-like in morphology.

Additionally, Table 6.2 shows that the absolute number of GZHdebiased red

disk galaxies is considerably higher (126) than those found in the GZHoriginal

galaxy sample (4) at z = 1. For these disk galaxies to be omitted from the

GZHoriginal disk galaxy sample, they are likely to be smooth in appearance. Using

the previous analogy, this would suggest that these red disks that appear smooth,

with faded or no obvious spiral arms, are already mature disks in the process of

becoming lenticular galaxies. If this is true, then it is likely that this population

of smooth, mature red disks would be lenticular-like by z = 0.2 (i.e. no longer

disk galaxies), hence the drop in the fraction of all red galaxies being disks by
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this point.

Whilst the fraction of all galaxies that are disks decreases over the redshift

range 0.2 ≤ z ≤ 1.0, this trend is not exhibited by the GZHdebiased blue cloud

galaxies. For this colour population, the fraction of galaxies that are disks rises

from 53 ± 2% at z = 1, to 69 ± 2% at z = 0.8, before dropping back down to

54± 2% at z = 0.2. The differing trend observed here may be due to a different

type of galaxy becoming disk-like in morphology over the same epoch: galaxies

with clumpy morphologies becoming more organised.

Disk galaxies at higher redshifts have been observed with clumpier morpholo-

gies than those observed in our local universe (Cowie et al., 1995; Abraham et al.,

1996; van den Bergh et al., 1996; Elmegreen et al., 2004, 2009; Buta, 2011). Whilst

these clumpy galaxies can be disk-like in morphology, they are unlikely to dynam-

ically cool, or visually disk dominated. Therefore, this type of clumpy disk galaxy

could be the progenitor of the more organised blue cloud disk galaxies I observe

at lower redshifts. To explore this hypothesis, we need to understand how GZ

volunteers classify disk galaxies.

Once a galaxy has been identified as having obvious features or a disk, the vol-

unteers is asked the question ‘Does the galaxy have a mostly clumpy appearance?’.

Answering ‘no’ to this leads the volunteers down the tree shown in Figure 3.3.

However, if the volunteer selects ‘yes’ as the answer, a different set of questions

in the GZH decision tree are asked (see Figure 2.2). Whilst there is the option

to return back to the route shown in Figure 3.3 if the clumps are arranged in a

spiral pattern, this route is rarely taken.

As any clump dominated galaxies would be most likely removed by the asking

of question two in Figure 3.3, the remaining disk galaxies are going to be smoother

and disk-dominated in appearance. Therefore, morphologically clumpy galaxies

are omitted from the GZHdebiased disk galaxy sample. However, as these galax-

ies mature, the clumpy structures dissipate (Noguchi, 1998; Dekel et al., 2009;

Bournaud, 2016), producing a disk galaxy, which typically has a bulge structure

(Bournaud, 2016). Therefore, as disk galaxies in the blue cloud mature over this

epoch, there are clumpy galaxies maturing and becoming part of the blue cloud

disk galaxy population at similar rates. This theory explains the lack of major

fluctuations in the observed fraction of all galaxies being disk-like in morphology

within the blue cloud over this epoch.

The increasing bar fraction towards lower redshifts exhibited by both samples
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(also see Chapter 3), and elsewhere (Abraham et al., 1999; Sheth et al., 2008),

builds on this theory of a maturing population. As bars typically form in galaxies

that are dynamically cool (Athanassoula, 2005, 2012; Combes, 2009), the presence

of a bar in a disk galaxy suggests that the disk galaxy is mature. Therefore,

a growing bar fraction towards lower redshifts points towards a maturing disk

galaxy population as the universe ages.

6.5 Conclusions

In this chapter, I present preliminary work exploring how the population of disk

and barred disk galaxies have evolved since z = 1, and how this differs for blue

cloud and red sequence galaxies2. To do this, I used the original HST imaged GZH

COSMOS visual morphological classifications (GZHoriginal sample), and a second

sample where these classifications have been debiased (GZHdebiased sample). Both

samples were combined with the UltraVISTA DR1 data release, which provides

rest-frame magnitudes for theNUV , r, and J−bands, amongst other information.

After removing dust reddened galaxies from the sample, and applying an

evolving luminosity cut, I draw the following results and conclusions.

• For the GZHoriginal sample, the fraction of ordered disk galaxies increases

from 20 ± 1% at z = 1, to 33 ± 1% at z = 0.2. This is mirrored by an

increasing bar fraction for the GZHoriginal disk population over this epoch,

from 0% at z = 1, to 17± 3% at z = 0.

• The GZHdebiased sample exhibited the opposite trend for the fraction of all

galaxies that are disks, decreasing from 55 ± 2% at z = 1, to 27 ± 1% at

z = 0.2. This is due to an increased number of disk galaxies being included

in the GZHdebiased sample that were omitted from the GZHoriginal sample

due to their smooth appearance, with this effect becoming greater towards

higher redshifts. Despite this, the bar fraction for this sample exhibited the

same trend observed for the GZHoriginal sample, increasing as the redshift

decreases, from 0% at z = 1, to 22± 4% at z = 0.

• For both samples, an increasing bar fraction with decreasing redshift is

observed for all disk colours, although the rate of increase per δz = 0.2

2I again note that some of this work has been presented as a AAS227 poster (Galloway,
Melvin et al., 2016), but the work presented in this chapter is my own, unless where stated.
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interval differs for each sample.

• Focussing solely on the GZHdebiased sample, I find evidence that the disk

galaxy population is maturing as the universe ages. As a disk galaxy ma-

tures, its spiral arms will fade, and its morphology will become more smooth

(early-type) over time. The decreasing fraction of all galaxies that are disks

as the universe ages is due to this change in morphology. This theory is

supported by the fact that this trend is observed for red sequence galax-

ies, where galaxies are presumed to be more mature as they are no longer

forming stars.

• I propose that clumpy galaxies, which are not included as part of the

GZHdebiased disk galaxy sample, are becoming also maturing as the uni-

verse ages, thus becoming disk-like in morphology once their clumps have

organised and/or dissipated. Whilst these clumpy galaxies mature and be-

come part of the blue cloud disk galaxy sample, galaxies that were initially

blue disks will be maturing, and moving onto the red sequence at a similar

rate. This could explain the observed lack of evolution for the fraction of

disks in the blue cloud, as galaxies both enter and leave this sample.

6.5.1 Future work

This exploratory look at the evolving disk and barred disk populations with red-

shift across colour populations requires further work before stronger conclusions

can be drawn. A summary of ideas for future work follows.

• Combining the GZH morphological classifications with either ZEST, or with

measured Sersic fits. This will allow for the inclusion of visually smooth

disk galaxies in the higher redshift samples (see Section 2.4.2), which require

further exploration to understand the evolution of disk galaxies. The addi-

tion of these smooth disks will also provide a larger sample size to explore

the evolving disk galaxy population, specifically in the red sequence.

• Use the more detailed morphological classifications provided by the GZ

dataset.

– One such area can be the exploration of clumpy galaxies. Combining

the observations in this chapter with those of a sample of clumpy disks
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could offer further information regarding the maturing disk galaxy

population.

– Beyond disk galaxies, the GZ catalogue offers information for a wide

range of morphological features, such as merging galaxies, which could

be explored in a similar manner.

Some of this proposed work will be presented in the Galaxy Zoo: Hubble data

release paper, which is currently in preparation (Willett et al., [including Melvin],

in prep).



Chapter 7

Conclusions

7.1 Summary of conclusions

In this thesis I explored how barred disk galaxies have evolved since z = 2

(tlookback = 10 Gyr). My work has combined photometric and spectroscopic data

from HST observations, with visual morphological classifications from the Galaxy

Zoo (GZ) project.

In Chapter 2 I explored the Galaxy Zoo: Hubble (GZH) visual classifications

in detail, by first comparing them to classifications made the Zurich Estimator

of Structural Types (ZEST; Scarlata et al. 2006) program, which used principal

component analysis to determine their morphological classifications. Specifically,

I compare pfeatures values from GZH, which span from 0 for smooth galaxies,

through to 1 for galaxies with obvious disk morphology or features, with four

ZEST galaxy types; 1) early-types; 2) bulge dominated late-types; 3) small or no

bulge late-types; and 4) irregular types.

I find that ZEST early-types correlate with GZH smooth galaxies (i.e. those

with 0.4 > pfeatures), whilst ZEST irregulars are typically identified as galaxies

with features by GZ volunteers. For both ZEST late-type classifications, GZ

volunteers are able to identify disk galaxies with obvious features, but tend to

classify featureless disks as smooth galaxies. Whilst this is not a mis-classification,

as these galaxies do appear visually smooth, any work using GZ classifications

must take extra care in defining a disk galaxy sample. One suggestion is to

complement the visual classifications with other measurements for the sample,

such as Sersic index values for each galaxy, to improve the completeness of a disk

galaxy sample.

212
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In Chapter 3 I combine the GZH morphological classifications with photo-

metric and spectroscopic data from HST observations of the COSMOS field to

explore how the fraction of barred disk galaxies have evolved since z = 1. I find

that the fraction of galaxies hosting galactic bars has increased from 11± 2% at

z = 1 to 22± 5% at z = 0.4.

I find that the redshift evolution of the bar fraction observed is dependent on

stellar mass. Whilst low mass (10.0 ≤ log(M?/M�) < 10.34) and intermediate

mass (10.34 ≤ log(M?/M�) < 10.64) disk galaxies in my sample exhibit an

increasing bar fraction as the universe ages, it is the most massive disk galaxies

(log(M?/M�) ≥ 10.64) that is the main driver of this evolution.

I conclude that these observations may indicate the phase in galaxy evolution

where slow, secular processes have begun to affect the evolution of the more

massive disk galaxies. At this epoch, I suggest that the first disk galaxies have

become dynamically cool and disk dominated, and are able to form, and sustain

a barred structure. I also conclude that the slower evolution of the bar fraction

observed for less massive disk galaxies may be due to a different bar formation

mechanism, and that bars hosted by these galaxies may be different to those in

massive disk galaxies.

In Chapter 4, I show the first results from Galaxy Zoo: CANDELS, which

provides GZ visual classifications for HST CANDELS data. This chapter explores

the bar fraction of disk galaxies beyond z = 1, with simulations by Kraljic et al.

(2012) suggesting that bars in disk galaxies would be rare at this epoch. Contrary

to this prediction, we find that the bar fraction of disk galaxies at z > 1 does not

drop to zero, instead levelling out to ∼ 10% across this whole epoch.

From this observation of the constant bar fraction out to z = 2, we suggest

that the dynamics of the most massive disks do not rapidly change over this

period. Additionally, as half of the barred disks in the highest redshift bin possibly

showing signs of an interaction, we propose that some high redshift bars may have

been induced by galaxy-galaxy interactions, as predicted by some disk galaxy

simulations (Gerin et al., 1990; Salo, 1991; Berentzen et al., 2003, 2004; Luna-

Sánchez et al., 2014).

In Chapter 5 I discuss the main observational biases that may affect the ob-

served morphology of a galaxy over the redshift range z = 0.3 − 1, and thus

how the galaxy is morphologically classified by GZ volunteers. I go on to present
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a control sample (FERENGI sample) of SDSS galaxies that are artificially red-

shifted up to z = 1 in δz = 0.1 increments using the FERENGI code (Barden

et al., 2008), which I use to explore the effects of these observational biases.

This exploration shows that the bar fraction remains roughly constant across the

redshift range z = 0.3 − 1 when only observational biases, and not true galaxy

evolution, are taken into account. I conclude that it is the fading of the low

surface brightness disk component of a galaxy that is the main factor in whether

a galaxy is identified as a disk or barred disk, as the high surface brightness bar

component remains visible out to higher redshifts.

In this chapter, I also use the FERENGI control sample to identify what

galaxies in the GZH catalogue are correctable. I do this by splitting the FERENGI

sample into a matrix of redshift-surface brightness bins to establish which of these

bins have the required number of control galaxies to make a statistically sound

correction to an observed GZH galaxy. I find that, within the redshift range

0.3 ≤ z ≤ 1.0, 15855 (34%) of GZH COSMOS galaxies are correctable, with

15510 (33%) having lower and upper limits placed on their pfeatures values, and

15338 (33%) currently not having enough information for a correction to be made.

Finally in this chapter, I use the calculated debiased vote fractions to compare

the redshift evolution of the bar fraction between the corrected and uncorrected

GZH samples. I find that the redshift evolution of the bar fraction for galaxies

with corrected pfeatures values is steeper, rising from fbar = 4 ± 1% at z = 1, to

fbar = 24±2% at z = 0.3, than that found for the uncorrected disk galaxy sample,

which increases from fbar = 9 ± 2% at z = 1, to fbar = 26 ± 2% at z = 0.3. I

conclude that this is due to disk galaxies that have no obvious features becoming

more likely to be classified as smooth towards higher redshifts, and thus excluded

from my original disk galaxy sample.

In Chapter 6, I present my preliminary observations of the evolving demo-

graphics of the red sequence since z = 1 in the COSMOS field, using HST ob-

servations and a sample of galaxies using the original, user weighted GZH visual

morphological classifications (GZHoriginal sample), and a second sample using

only the debiased vote fractions (GZHdebiased sample).

Using the GZHoriginal sample to explore the colour populations, I find that

the red sequence and blue cloud populations become less distinct from each other

at higher redshifts. Since z = 1, the mean NUV − r colour of the red sequence

has increased from 4.84 ± 0.45, to 5.44 ± 0.64 at z = 0.2. Similarly, the mean
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NUV − r colour of the blue cloud has decreased from 2.92 ± 0.63 at z = 1, to

2.63± 0.69 at z = 0.2.

When exploring the evolving disk galaxy populations, if find that for the

GZHoriginal sample, the fraction of disk and barred disk galaxies increase towards

lower redshifts. However, for the GZHdebiased sample, the fraction of disks de-

creases with redshift, with this being due to an increased number of disks with

smooth morphologies being included in this sample, that were omitted form the

GZHoriginal sample, especially towards higher redshifts. The GZHdebiased does

follow the same trend as observed for the GZHoriginal sample, increasing from

fbar = 0% at z = 1, to fbar = 22± 4% at z = 0.

When exploring GZHoriginal sample, I find that disk galaxies on the red se-

quence as a fraction of the whole disk galaxy population has increased from 1±1%

at z = 1, to 8 ± 1% at z ∼ 0. However, due to the increased number of disk

galaxies present at higher redshifts in the GZHdebiased sample, it has the opposite

trend, with the fraction of all disk galaxies being part of the red sequence falling

from 26 ± 2% at z = 1, to 11 ± 2% at z ∼ 0. For both samples, I find that the

fraction of all barred galaxies on the red sequence has increased as the universe

has aged.

Focussing solely on the GZHdebiased sample, I propose that we show evidence

that the disk galaxy population is maturing as the universe ages, with red disks

morphologically transforming from spiral galaxies to lenticular (early-type) galax-

ies over cosmic time. This is evident from the reducing fraction of all disks being

part of the red sequence towards lower redshifts.

I also suggest that clumpy galaxies, which would initially be omitted from the

GZH sample, mature over time. For this process, the clumps of star formation

dissipate, with the clumpy morphology evolving into a disk-like morphology over

cosmic time. Whilst these galaxies mature, and become part of the blue cloud

disk population over time, galaxies that were initially part of this population will

also be maturing, moving onto the red sequence at a similar rate. This cycle of

galaxies entering and leaving the blue cloud disk population at similar rates offers

an explanation as to why the fraction of all disks that are part of the blue cloud

remains roughly constant across the redshift range (0.3 ≤ z ≤ 1.0).
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7.2 Suggestions for future work

The work in this thesis has presented an insight into how barred disk galaxies

have evolved since z = 2, providing the first observations of barred disk galaxies

beyond z = 1. In this section I will focus on potential areas of research that could

be pursued in order to further understand the evolution of barred disk galaxies

during this epoch.

7.2.1 The dependence on local environment in disk and

barred disk galaxy evolution

In the COSMOS field

In Chapter 3, I explored how the fraction of disk galaxies hosting bars has changed

with redshift. I observed an increasing bar fraction with decreasing redshift, with

this evolution being driven by the most massive disk galaxies. This research pro-

vided an interesting initial look into the evolutionary paths of the disk galaxy

population as a whole, but beyond this there are limited studies that have ex-

plored whether the evolving bar fraction with time is dependent on the local

environments of the disk galaxies.

In our local universe, where sample sizes are considerably larger, the effects of

local environment on disk and barred disk galaxy evolution produces conflicting

arguments. Exploration of large galaxy clusters (Coma and Abell 901/2), show

a slight increase in bar fraction towards the clusters centre, but conclude that

the bar fractions are comparable with those in the field (Marinova et al., 2009,

2012). Both Li et al. (2009) and Lin et al. (2014) also find no correlation with

environment and bar fraction for the full disk population, although they observe

an increased likelihood for redder, early-type disk galaxies to host bars in denser

environments.

However, Skibba et al. (2012) explored a considerably larger sample of 15810

disk galaxies, and found that disk galaxies were more likely to host a galactic

bar in denser environments than those found in less dense environments. Skibba

et al. (2012) claim that their large sample of disk galaxies overcame the problem

of small number statistics, which may lead to the disagreement between their

results and others in this area. Meanwhile, Casteels et al. (2013) find a depressed

bar fraction for galaxies in close pairs, compared to more isolated disk galaxies,
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suggesting that interactions first trigger, and then destroy bars.

At higher redshifts, exploring the environmental dependencies of disk and

barred disk galaxy evolution has been limited by poor resolution, small sample

sizes, and difficulty in measuring photometric redshifts accurately. Despite these

potential barriers, a study by Barazza et al. (2009) used a sample of 945 galaxies

to postulate that disk galaxies are more likely to be barred towards the inner most

parts of clusters, but the difference in bar fractions between cluster environments

and field environments are minimal at intermediate redshifts.

Since this study, catalogues of galaxy groups, clusters and their members have

become available for public use (i.e. those of Finoguenov et al. 2010 and George

et al. 2011), which offer the information required to explore this topic in great

detail. Additionally, the abundance of ancillary data and observations in the

COSMOS field has allowed for 30-band photometric redshifts to be calculated,

with accuracies of σz < 0.02 up to z = 1.25.

The immediate availability of observations in the COSMOS field would pro-

vide the first detailed look at whether there is a link between disk galaxies hosting

bars and the environment they reside in at higher redshifts. Furthermore, this can

be extended to investigate whether the population of quiescent disk, and more

specifically quiescent barred disks galaxies are more likely to reside in denser

environments, as observed in the local universe.

Beyond current observations

The study of local environment, specifically the role it plays in barred disk galaxy

evolution, in the COSMOS field would provide a useful first insight. However,

being only 2 square degrees in size, environmental studies in the COSMOS field

would be limited by its small volume.

To investigate the environmental dependencies of barred disk galaxies, a larger

survey area is required. The proposed Euclid mission1, by the European Space

Agency, would provide a survey covering 15,000 square degrees, with two 20

square degree deep fields. Using its visible instrument (VIS), Euclid will provide

images of billions of galaxy, with a predicted resolution of 0.1 (arcsec/pixel). This

resolution will be suitable enough to identify barred galaxies, and the field will

be large enough to explore whether there is any environmental dependence for

1All data used in this chapter regarding the Euclid mission is taken from the Euclid consor-
tium website - http://www.euclid-ec.org/.
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barred disk galaxies.

Furthermore, with the Euclid consortium estimating that ∼ 2 × 104 galaxies

will be observed in cluster environments beyond z = 1, exploration of environment

and barred disk galaxies could be extended beyond z = 1.

7.2.2 Further exploration of bars beyond z = 1

Why are there bars beyond z = 1?

In Chapter 4, we used morphological visual classifications from Galaxy Zoo:

CANDELS to look at whether disk galaxies beyond z ∼ 1 were able to host

barred structures. Prior to this work, results from the one and only simulation of

disk galaxies with detailed structural information at high redshifts (ran by Martig

et al. 2012) predicted that large scale galactic bars were rare at z > 1 (Kraljic

et al., 2012). However, using a sample of 370 face-on disk galaxies (which rose to

525 once a correction for missing disk galaxies was added), we found that large

scale galactic bars are present out to z ∼ 2.

This result can be reconciled with that of Kraljic et al. (2012), as they only

simulated a small number of galaxies, and also suggested that bars could possibly

be formed by galaxy-galaxy interactions. However, Figure 4.6 shows that galactic

bars are found in∼ 10% of disk galaxies across this whole epoch, which is certainly

more common than previously believed

With the suggestion by Kraljic et al. (2012) that bars would likely only form

through galaxy-galaxy interactions, the next step for this area of research is to

explore these barred disk galaxies in greater detail. In Chapter 4, we briefly

explored the morphologies of the eight barred disk galaxies in our highest redshift

bin, finding that half showed morphological signs of an interaction with another

galaxy.

To improve our understanding of how bars form in this epoch of violent galaxy

evolution, research using the visual morphological classifications from GZ: CAN-

DELS to explore the morphologies of all the barred disks in our sample beyond

z = 1 will provide an insight into whether there are disks mature enough to

form and sustain a barred structure, or whether these bars are induced by a

galaxy-galaxy interaction.

The potential results from this study are intriguing. If there is little evidence

that these bars were formed via galaxy-galaxy interactions, then how are so many
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disk galaxies able to become disk dominated and dynamically cool during this

epoch of violent galaxy evolution? If there are signs that the majority of bars are

formed by galaxy-galaxy interactions, then what are the required consequences

of the interaction that allows for the bar to be induced, whilst the disk galaxy is

able to remain disk-like?

The questions posed by both, or even a combination of the two potential

results will provide an insight into the evolution of disk galaxies beyond z = 1.

There will also be a challenge set to galaxy simulators to produce this abundance

of barred disk galaxies at these redshifts. Furthermore, with Kraljic et al. (2012)

being the only simulations that explore the evolving bar fraction, more work

needs to be done in modelling disk galaxy evolution during this epoch. Currently

there are simulations that investigate the induced bar formation mechanism (e.g.

Gerin et al. 1990; Salo 1991; Miwa & Noguchi 1998; Berentzen et al. 2003; Lang

et al. 2014, and Luna-Sánchez et al. 2014), but only Kraljic et al. explore this in

a full cosmological simulation.

In our observations of bars beyond z = 1, only eight disk galaxies are found to

be barred in our highest redshift bin. Whilst this offers a first look at barred disk

galaxies at this epoch, the sample size remains too small to make any conclusions

beyond the fact that barred disk galaxies are present at z ∼ 2. To have a better

understanding of how disk galaxies are able to be barred during this epoch, a

greater sample size will be needed.

The first instances of barred disk galaxies

Prior to the observations presented in Chapter 4, it was predicted that disk

galaxies hosting bars would be rare, and even non-existent beyond z ∼ 1.4− 1.5

(Kraljic et al., 2012). However, it is now known that disk galaxies are able to

form bars at least to z = 2. Whilst very little is known about the barred disks

between z = 1 and z = 2, there is still an importance in exploring when the first

disk galaxies formed their bars.

Such observations, which would require excellent resolution, as well as filters

that are red enough to observe optically emitted light from z > 2 galaxies, are

not yet available, or planned. However, when if, and when such observations are

available, it would be interesting to find out how early in the life of the universe

disk galaxies hosted barred structures, and when the first of these structures were

formed.
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Leauthaud A., Le Fèvre O., McCracken H. J., Massey R., Mobasher B., Rhodes

J., Scoville N., Shopbell P. L., 2007, ApJS, 172, 196

Koekemoer A. M., Faber S., Ferguson H. C., Grogin N. A., Kocevski D. D., et al.,

2011, Astrophys.J.Suppl., 197, 36

Kormendy J., Kennicutt J. R. C., 2004, ARA&A, 42, 603

Kormendy J., Kennicutt R. J., 2004, ARA&A, 42, 603

Kraljic K., Bournaud F., Martig M., 2012, ArXiv e-prints

Kuchinski L. E., Freedman W. L., Madore B. F., Trewhella M., Bohlin R. C.,

Cornett R. H., Fanelli M. N., Marcum P. M., Neff S. G., O’Connell R. W.,

Roberts M. S., Smith A. M., Stecher T. P., Waller W. H., 2000, ApJS, 131,

441

Lambas D. G., Maddox S. J., Loveday J., 1992, MNRAS, 258, 404

Land K., Slosar A., Lintott C., Andreescu D., Bamford S., Murray P., Nichol R.,

Raddick M. J., Schawinski K., Szalay A., Thomas D., Vandenberg J., 2008,

MNRAS, 388, 1686

Lang M., Holley-Bockelmann K., Sinha M., 2014, ApJ, 790, L33

Larson R. B., Tinsley B. M., Caldwell C. N., 1980, ApJ, 237, 692

Law D. R., Steidel C. C., Erb D. K., Larkin J. E., Pettini M., Shapley A. E.,

Wright S. A., 2009, ApJ, 697, 2057

Law D. R., Steidel C. C., Shapley A. E., Nagy S. R., Reddy N. A., et al., 2012,

Astrophys.J., 745, 85

Lawrence A., Warren S., Almaini O., Edge A., Hambly N., et al., 2007,

Mon.Not.Roy.Astron.Soc., 379, 1599

Le Fevre O., et al., 2004, Astron.Astrophys., 428, 1043

Lee G.-H., Woo J.-H., Lee M. G., Hwang H. S., Lee J. C., Sohn J., Lee J. H.,

2012, ApJ, 750, 141



BIBLIOGRAPHY 231

Lee J. H., Lee M. G., Park C., Choi Y.-Y., 2008, MNRAS, 389, 1791

Li C., Gadotti D. A., Mao S., Kauffmann G., 2009, MNRAS, 397, 726

Lilly S. J., et al., 2007, Astrophys.J.Suppl., 172, 70

Lin Y., Cervantes Sodi B., Li C., Wang L., Wang E., 2014, ApJ, 796, 98

Lintott C., Schawinski K., Bamford S., Slosar A., Land K., Thomas D., Edmond-

son E., Masters K., Nichol R. C., Raddick M. J., Szalay A., Andreescu D.,

Murray P., Vandenberg J., 2011, MNRAS, 410, 166

Lintott C. J., Schawinski K., Slosar A., Land K., Bamford S., et al., 2008,

Mon.Not.Roy.Astron.Soc., 389, 1179

Lotz J. M., Jonsson P., Cox T., Croton D., Primack J. R., et al., 2011, Astro-

phys.J., 742, 103
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