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Abstract

In this thesis I investigate galaxy evolution by measuring the luminosity functions of
galaxies across a wide range in redshift. I measure the abundances of high redshift
galaxies in deep HST imaging of the GOODS-North field from the CANDELS survey.
I follow this evolution to lower redshift by measuring the luminosity functions of
galaxies in ground-based imaging of the XMM-LSS field from the VIDEO survey
with optical data from the CFHTLS.

First, at high-redshift, I identify 22 candidate z ≈ 7 and 6 candidate z ≈ 8 − 9
galaxies. By comparing the number of candidate galaxies with those found in the
GOODS-South field, I determine that cosmic variance is not the dominant source of
uncertainty on the number counts. I constrain the Schechter parameters for the UV
luminosity function at z ≈ 7 and z ≈ 8 − 9, finding evidence for evolution in the
number density of high redshift galaxies.

Next, I present the Ks-band luminosity functions in the 1 degree2 and 4.5 degree2

overlaps between the VIDEO-XMM field and the CFHTLS-D1 and CFHTLS-W1
fields. I measure the luminosity functions with the 1/Vmax method over the range
0.2 < z < 3 in VIDEO-CFHTLS-D1, and over the range 0.2 < z < 1.5 in the shal-
lower VIDEO-CFHTLS-W1 field. I find the evolution of these luminosity functions
is best described by luminosity dependent density evolution, where the characteristic
magnitude has dimmed at a constant rate since z = 3, while the density has increased
since z = 3, first rapidly from z = 3 to z ≈ 1.5 and then more slowly from z ≈ 1.5 to
z = 0.2. I measure a significant upturn at the faint end of the luminosity function at
low redshift.

Finally, I compare the VIDEO-CFHTLS-D1 and VIDEO-CFHTLS-W1 luminos-
ity functions with predicted K-band luminosity functions from the Horizon-AGN
simulation. I find both an over-prediction in the numbers of faint galaxies and an
under-prediction in the numbers of bright galaxies, implying that the feedback from
supernovae is insufficient while the feedback from AGN is over-sufficient.
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Chapter 1

Introduction

In 1924, Edwin Hubble proved that the ‘Great Andromeda Nebula’ was another

galaxy separate from our own through observations of variable stars (Hubble, 1925).

Combined with earlier observations of other variable stars in M33, this ended the de-

bate about whether there was a universe outside of the Milky Way. Hubble followed

up his discovery in 1929 by measuring the recession velocities of galaxies and discov-

ering they were proportional to their distances (Hubble, 1929), a fact now known as

Hubble’s law, providing evidence that the Universe was expanding. From this point

onwards, the study of the nature of galaxies has been an active area of astronomy.

Much of the scientific interest in galaxy evolution originally stemmed from its use as

a probe of the cosmological nature of the Universe. It has since become an important

field in its own right, as well as continuing to act as an observational test of cosmology.

Studying populations of galaxies grants us the ability to follow the changes in their

bulk properties with time, environment, galaxy type and more in a way that helps

us to understand how they form and evolve. One such property is the luminosity

function, which describes the number distribution of galaxies with brightness. It is

one of the most direct and fundamental means of tracing the evolution of galaxies

and underpins the bulk of the work presented in this thesis.
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In this Chapter, I first give a brief overview of the cosmological framework within

which galaxy evolution operates and define some useful quantities which will be used

throughout this thesis. I describe our current understanding of galaxy evolution

theory, before detailing some of the observations and simulations that have helped

form it. I then discuss the characteristics of galaxies at high redshift, as well as

explaining techniques for selecting them used later in the thesis. Finally, I give an

introduction to the galaxy luminosity function, describing how it can be measured

and how it evolves before discussing measurements of the luminosity function from

the local universe to high redshift.

1.1 Brief History of the Universe

Our current best description of how the Universe has evolved from the Big Bang

to show the structure and complexity we see today is underpinned by the Standard

Model of cosmology and ΛCDM. Under this formalism, the current Universe is flat

and dark energy dominated. Dark energy in the form of a ‘cosmological constant’

Λ constitutes ∼ 70 per cent of the total mass-energy density of the Universe, col-

lisionless cold dark matter (CDM) contributes ∼ 25 per cent and ∼ 4 per cent is

made up of baryonic matter, namely the particles that form the elements and make

up all of the stars and visible matter in the Universe (it should be noted that not all

baryonic matter is visible, as not all baryonic matter will emit light). Despite having

very little knowledge about what either dark matter or dark energy are, ΛCDM is

extremely well supported by key observations of the Universe such as the Cosmic

Microwave Background (CMB), shown in Figure 1.2 (Hinshaw et al., 2013; Planck

Collaboration, 2015), the expansion of the Universe as measured with Type Ia super-

novae (Perlmutter et al., 1999; Riess et al., 1998) and the clustering scales of galaxies

(i.e. Baryon Acoustic Oscillations; Alam et al., 2016).
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Figure 1.1: A schematic of the evolution of the Universe. Initial perturba-
tions in the matter density seed density peaks visible in the CMB which
eventually grow large enough to host galaxies and clusters. Source: NASA

3



Figure 1.2: All-sky temperature map of the CMB as measured by
Planck (Planck Collaboration, 2015), where red is hot and blue is cold.
The temperature fluctuations map the future sites of structure formation.
The smallest structures visible on the figure will correspond to structures
much larger than individual galaxies, and will go on to host clusters of
galaxies. Source: ESA

In the Standard Model of cosmology, the Universe starts off as hot and dense, with

approximately homogenous contents; this is known as the Hot Big Bang (Peebles,

1980). Quantum fluctuations in the initial matter density field are expanded during

the inflationary epoch into small inhomogeneities in density. 380,000 years later (at

z ≈ 1100), the Universe has expanded and cooled enough to allow atoms of hydrogen

to form, changing from ionised and optically thick to neutral and transparent in a

process called recombination. The inhomogeneities in density are imprinted onto the

subsequently released photons which we now see as the CMB, causing anisotropies in

temperature and polarisation. Figure 1.2 shows the temperature map of the CMB as

measured in astonishing detail by the Planck mission (Planck Collaboration, 2014).

After recombination, the peaks in the matter density continue to grow via the

gravitational collapse of dark matter while the background density decreases due to

the expansion of the Universe. Once a peak has a high enough overdensity relative
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to the background, it becomes gravitationally self-bound and collapses until the dark

matter is thermalized, supporting itself through the random motion of particles, and

forms a dark matter halo. These dark matter haloes continue to grow via accretion

and mergers with other dark matter haloes.

Gas, which is initially distributed homogeneously, follows the dark matter and

collapses towards the dark matter haloes, where it becomes gravitationally bound

within them. It continues to collapse as mediated by the depth of the gravitational

potential wells and the pressure of the gas until there are regions dense enough to form

stars, making the dark matter haloes the sites of galaxy formation. As the first light

sources in the Universe since the CMB switch on, the universal dark ages come to

an end. The stars start to produce the first elements heavier than those formed soon

after the Big Bang, and the ultraviolet (UV) light from the first stars, galaxies and

black holes ionises the still-neutral intergalactic medium (IGM) in a process called

reionisation (Arons & Wingert, 1972; Gunn & Peterson, 1965; Robertson et al.,

2010).

1.1.1 Cosmological Redshift and Distance Measures

As light travels to us from across our expanding Universe, the change in wavelength

introduced by the recession velocity of the source can be written as

λobserved = (1 + z)λemitted (1.1)

where z is defined as the redshift of the source. The scale factor, a(t), is the ratio of

some scale at an earlier time in the history of the Universe to the same scale now,

and is related to redshift by

a(t) = a(te)
a(t0) = 1

1 + z
(1.2)

5



where a(te) is the scale factor of the Universe when a photon is emitted and a(t0) is

the scale factor of the Universe now, when the photon is observed. For the rest of

this section, subscript 0 will denote the value of that quantity at the current time.

The proportionality constant at the current time between distance and recession

velocity is defined as the Hubble constant, H0:

v = H0d, where H0 = 100 h km s−1 Mpc−1, (1.3)

and h is a dimensionless number used to parameterise the effect of different possible

cosmologies. Equation 1.3 is only valid in the limit of small redshift and H0 is only

constant at low redshift; therefore it is more generally defined in terms of the scale

factor, a, and its time derivative, ȧ:

H2 ≡
(
ȧ

a

)2
= 8πG

3 ρ− kc2

a2 + Λc2

3 . (1.4)

where G is the gravitational constant, ρ is the matter-energy density in the Universe,

k describes the curvature of the Universe (k > 0 for closed, 0 for flat and < 0 for open)

and Λ is the cosmological constant used to modify Einstein’s equations of motion so

that they describe an accelerating universe. Equation 1.4 is known as the Friedmann

equation (Friedmann, 1922, 1924), and it describes the expansion of a homogenous,

isotropic universe with a particular ρ, k and Λ. The fractional contributions of matter,

vacuum energy, and curvature to the total energy density of the universe, Ωtotal, when

Ωtotal is equal to the critical density can be written as

Ωtotal = ΩM + ΩΛ + ΩK = 1, (1.5)
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where the dimensionless density parameters are defined as

ΩM = 8πGρ0

3H2
0

, ΩK = −kc2 and ΩΛ = Λc2

3H2
0
. (1.6)

We can define the following function

E(z) ≡
√

ΩM(1 + z)3 + ΩK(1 + z)2 + ΩΛ (1.7)

which is proportional to (ȧ/a), as can be seen by substituting the definitions given

in Equation 1.6 along with Equation 1.2 into Equation 1.4. The comoving distance,

defined as the proper distance to an object at redshift z divided by the scale factor,

is then

DC = c

H0

∫ z

0

dz′

E(z′) , (1.8)

where E(z) gives us the dependence of DC on redshift and cosmology. The ratio of

an object’s physical size to its observed angular diameter on the sky is defined as

the angular diameter distance, DA. In a flat universe, it is related to the comoving

distance by

DA = DC

1 + z
. (1.9)

Together, these give us the formula for the comoving volume element in terms of the

angular diameter distance as

dVC = c

H0

(1 + z)2D2
A

E(z) dΩdz. (1.10)

The last cosmological distance I will describe is the luminosity distance, DL. The

observed bolometric flux of an object S is related to the intrinsic luminosity of the
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object L via the inverse-square law:

= L

4πD2
L

. (1.11)

There are two further effects that act to reduce the amount of flux measured; the

energy of each photon is reduced by a factor of 1 + z and the arrival rate of the

photons is reduced by another of 1 + z, giving

S = L

4πD2
C(1 + z)2 , and so DL = DC(1 + z). (1.12)

If, as is most common, one is dealing with differential flux Sν and luminosity Lν ,

then the flux must be corrected for the fact that the observed wavelength range will

access both a different spectral width and a different part of the spectrum of the

object. This adds a factor of 1 + z for the stretching of the bandwidth and the ratio

of the luminosities of the source at both the emitted and the observed wavelengths,

Lν(1 + z) and Lν :

Sν = (1 + z)Lν(1+z)

Lν

Lν
4πD2

C(1 + z)2 . (1.13)

When this is applied to magnitudes, this extra term forms the K-correction

K = −2.5 log
[
(1 + z)Lν(1+z)

Lν

]
, (1.14)

so that

mν = Mν + 5 log
(
DL

10 pc

)
+K. (1.15)

These equations will be used throughout this thesis, and I use standard ΛCDM

cosmology with ΩΛ = 0.7, ΩM = 0.3 andH0 = 70 km s−1 Mpc−1, consistent with Cira-

8



suolo et al. (2010); Johnston et al. (2015); Lorenzoni et al. (2013).

1.2 Overview of Galaxy Formation

In this section I discuss the theory behind the formation of galaxies, as well as giving

a summary of the observations and models that have influenced this theory.

1.2.1 Galaxy Formation Theory

The current theoretical picture of galaxy evolution is one of hierarchical merging.

The smallest overdensities collapse first to form dark matter haloes, which merge

with other nearby haloes. This is equivalent to the collapse of the larger overdensity

which contains all of these merging haloes.

Gas in the Universe, initially uniformly distributed, will follow the dark matter

haloes, concentrated in on them by gravity in a similar way to the dark matter itself.

How the gas actually accretes into a dark matter halo, which will set many of the

properties of the potential resultant galaxy, is dependent on the size of the halo and

how the gas cools. Infalling gas will undergo a virial shock (Binney, 1977), heating

the gas until it is thermally supported. Lower gas masses can cool efficiently enough

that they collapse on dynamical timescales, whereas higher masses are limited by

their cooling timescales (Rees & Ostriker, 1977; White & Frenk, 1991). Both the gas

and the dark matter haloes will have some angular momentum, arising from the tidal

torques from the surrounding large scale structure (Hoyle, 1949; Peebles, 1969). This

angular momentum will eventually lead the gas to form a rotating disk.

If the gas is ionised or metal rich, it can cool atomically via the collisions of ionised

particles, releasing energy via recombination, excitation and decay, and Bremsstrahlung (Mo

et al., 2010). However, early in the Universe when the gas is still colder and neutral, it

cannot cool this way, and mostly relies on cooling via the small fraction of molecular
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hydrogen (Abel et al., 1997). The gas is also being heated, both by the presence of a

photoionising background in the shape of the CMB and the light from other stars and

galaxies, as well as thermal output from star formation and Active Galactic Nuclei

(AGN) if a galaxy has already formed.

Once the gas has cooled and collapsed onto a dark matter halo, forming a proto-

galaxy, the gravitational and thermal instabilities inherent in cooling lead it to frag-

ment, forming dense clouds (Balbus, 1986; Field, 1965; Maller & Bullock, 2004).

These clouds continue to collapse, becoming the first sites of star formation. The first

stars, called population III stars, form from pristine gas (e.g. Larson, 2000; Ostriker

& Gnedin, 1996). This means that they can only cool inefficiently via molecular hy-

drogen, rather than much more efficient line emission of heavier elements. This leads

them to have very high masses (potentially as high as ∼ 103M�), and as such they

live very short lives before dying spectacularly in supernovae expected to trigger more

fragmentation of the gas and further star formation, and forming black holes (Larson,

2000).

Interactions

When dark matter haloes merge, they carry along any embedded galaxies with them.

It previously appeared that no trace of the earlier haloes would survive the merging

process (Katz & White, 1993; Summers & Davis, 1995), but N-body simulations have

since shown that a smaller dark matter halo continues to exist as a sub-halo inside

a larger halo with which it has merged (Springel et al., 2008; Tormen et al., 1998),

potentially carrying a galaxy, which forms a satellite to the presumably larger galaxy

at the centre of the larger halo. As these sub-haloes travel through their host halo,

dynamical friction causes their orbits to decay, leading the satellite galaxies towards

the larger central galaxy (Chandrasekhar, 1943). If the orbital decay happens on a

fast enough timescale, the two galaxies will merge (see Binney & Tremaine, 1987).
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Figure 1.3: Left: The Mice Galaxies, a Hubble Space Telescope image
showing two merging galaxies in the Coma cluster which have already
collided once, leaving streams of gas and stars behind them, and will keep
colliding as they merge. Source: NASA. Right: a simulation of a merger
event similar to the Mice galaxies. Both galaxies were originally disk-
like spirals before merging to form a spheroid. The simulation and image
were made by John Dubinski. Source: Canadian Institute for Theoretical
Astrophysics.

On its orbit, a satellite galaxy will interact with the environment around it. Tidal

forces can strip away the outer regions of the galaxy or potentially completely disrupt

it, leaving behind a stellar stream. If less strong, the tidal forces can cause a process

known as harassment, whereby the stars gain energy in the form of random motion,

effectively heating up the galaxy, leading to its expansion and destroying ordered

structures such as disks (Mastropietro et al., 2005; Moore et al., 1996; Smith et al.,

2013). Ram pressure from the IGM can lead to a galaxy being stripped of its atmo-

sphere and losing its interstellar medium (ISM) in processes called strangulation and

starvation, thought to have an important role in the conversion of blue, star-forming

galaxies into red, passive galaxies in clusters (Font et al., 2008).

If a merger occurs, the outcome will depend on the properties of the progenitor

galaxies as well as their mass ratios. If a small galaxy merges with one much larger

than itself, it will be destroyed and absorbed into the larger galaxy in a process called a

minor merger. If the large galaxy is disk-like, such as a late-type spiral galaxy, the disk
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may survive, although it could be thickened. This is thought to be the main process by

which large spiral galaxies grow, accreting their satellites over time. If the two galaxies

have comparable masses, as in the case shown in Figure 1.3, this is known as a major

merger. In this case, the galaxies will be significantly disrupted, and eventually violent

relaxation ( Lynden-Bell & Ostriker, 1967; where orbits undergo large scale velocity

and energy changes due to time-varying fluctuations in the gravitational potential)

will lead to the formation of a spheroid, with the stars following randomised orbits

equivalent to a thermal gas, where the temperature is proportional to the stellar mass.

This is a possible formation mechanism for elliptical, or early-type galaxies, which

tend to be very large, with red stellar populations and low star formation rates. If

the merger is ‘wet’, i.e. involving a significant gas fraction, the merger can trigger

intense bursts of star formation (Somerville et al., 2001).

Star Formation and AGN feedback

The galaxy luminosity function (LF), the distribution of the number density of galax-

ies as a function of luminosity, does not follow the distribution of dark matter halo

sizes, as one might assume it should (see Figure 1.4; Silk & Mamon, 2012). In par-

ticular, the ratio of faint galaxies to bright galaxies is very much lower than the ratio

of small haloes to large haloes (see e.g. Cole et al., 2001; Reed et al., 2007; Springel

et al., 2008), implying some feedback mechanism inhibiting galaxy formation in small

haloes. In the largest haloes, even though cooling is inefficient, galaxies are predicted

to form that are far more luminous than those observed (e.g. Benson et al., 2003).

The suggested solutions to these mismatches are quenching effects from star forma-

tion in low mass galaxies and AGN in high mass galaxies (e.g. Benson, 2010; Silk &

Mamon, 2012).

Star formation feedback is mostly thought to come from energy injected into the

ISM by supernovae and star-formation induced winds. The physical mechanisms by
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Figure 1.4: The effect of feedback on the galaxy LF. Both axes have a log-
arithmic scale. The red line shows the predicted LF given the underlying
power law shape of the halo mass functions, while the blue line shows the
observed LF which has both fewer faint and fewer bright galaxies. The
φ(L) value is in units of h3Mpc3d logL. Figure taken from Silk & Mamon
(2012), with values estimated from Yang et al. (2009).
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which supernova feedback operates are unclear. Consider an ISM consisting of cold,

dense clouds containing most of the mass that are set within hot, diffuse gas which

fills most of the volume. Outflows from supernovae and star formation will evaporate

the dense clouds, and, if the temperature is hot enough, they can also eject the gas

from the galaxy. This will act to both reduce the amount of gas available to form

new stars and to destroy the sites of star formation. However, there will also be some

increase in star formation triggered by compression from supernova winds. The small

scale of this form of feedback compared to the size of a galaxy makes it ineffective

on galaxies of higher mass, where supernovae fail to stop cold flows of accreting gas

from streaming into the centre of the halo and continuing to form stars (e.g. Powell

et al., 2011).

Larger galaxies require something more drastic to stop them from growing overlu-

minous. This is a problem both at early times when they initially form, and later on,

when the gas ejected from supernova feedback could accrete onto large haloes, form-

ing over-massive galaxies. As all galaxies appear to have a supermassive black hole at

their centre with a mass roughly in proportion to the mass of the galaxy (Magorrian

et al., 1998; McLure & Dunlop, 2002), and the correlation between black hole mass

and galaxy properties implies some sort of feedback or co-evolution, this is generally

thought to be provided by AGN feedback from supermassive black holes. The nature

of the feedback can be split into two main modes: the radio and the quasar mode, us-

ing the terminology of Croton et al. (2006). The quasar, or radiative, mode is a high

accretion scenario where large amounts of gas are pushed inward to the circumnuclear

disk from much larger scales by, for example, a merger, instabilities in the spiral arms,

or the formation of a bar, causing the growth of the black hole and releasing amounts

of energy exceeding the binding energy of the galaxy. It results in both radiative

heating of the cool gas in the galaxy stopping star formation and extreme radiatively

driven winds removing gas from the galaxy and heating the surrounding IGM. This
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mode is expected to be dominant at high redshift when the AGN is a young quasar

that is highly luminous, dying away as the fuel supply diminishes.

At later epochs, the radio, or kinetic, mode is thought to be the dominant effect.

Here, the black hole is accreting at a much slower rate, producing little optical radi-

ation but large amounts of radio output. The low accretion rate is due to the high

temperature of the halo, as cold clouds may have to form via thermal instability and

drift into the sphere of influence of the black hole to accrete, or the hot gas must

accrete via Bondi accretion, which is slow (Bondi, 1952; Bondi & Hoyle, 1944; Mo

et al., 2010). The accretion drives jets which heat bubbles of relativistic plasma next

to the AGN (e.g. Churazov et al., 2000; McNamara et al., 2000). These bubbles then

rise up through the IGM, causing weak shocks that will heat the surrounding gas,

and stopping it from accreting onto the galaxy (this will also affect satellite galaxies).

This mode of feedback is seen in radio galaxies at the centre of clusters, with most

objects at low redshift (Best et al., 2014), and seems to be a sustainable maintenance

mode as the energy output from the black hole varies with the amount of matter

accreting onto it.

1.2.2 Observations of Galaxy Formation

The galaxy LF has been measured across a range of wavelengths and redshifts. At low

and intermediate redshifts, it has been well measured in optical and infrared, which

can reveal information both about the star formation rates and the stellar mass of

a galaxy. At higher redshift, it has predominantly been measured in the UV, as the

observatories that are able to image faint, high redshift galaxies are rarely able to

access longer wavelengths than rest-frame UV. A more complete introduction to the

galaxy LF can be found in Section 1.4 and so I will not go into detail here, but will

briefly outline the major trends.

Galaxies have steadily increasing comoving densities from z > 8 to z = 3 as the
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number counts are raised by new galaxies forming, until at z ∼ 1 − 3 this evolution

begins to slow as mergers take effect (Cirasuolo et al., 2010; Finkelstein et al., 2015;

Loveday et al., 2012). They appear to be equally bright on average at z = 8 as

z = 4 (Bouwens et al., 2015), but since z = 4 they have dimmed, indicating pas-

sive evolution at later times (Cirasuolo et al., 2010; Loveday et al., 2012; Marchesini

et al., 2007). At z > 4, there are relatively more faint galaxies than at lower red-

shift (Bouwens et al., 2015), while at z > 6 there also are relatively more bright

galaxies than expected, implying that the mechanisms that stop the largest galaxies

from becoming very luminous, such as mass quenching (Peng et al., 2010) and AGN

feedback, may not have started long before this point (Bowler et al., 2014).

The measurement of the LFs of galaxies across a wide redshift range has also

allowed the determination of the star formation rate density (SFRD) from luminosity

density (the integral of the LF). The SFRD can be converted from measurements in

the far-UV, which access the light produced by very blue stars with short lifetimes.

It has been measured via the far-UV locally (Robotham & Driver, 2011; Wyder et al.,

2005), at intermediate redshifts between 1 < z < 4 (Cucciati et al., 2012; Reddy &

Steidel, 2009) and high redshift between 4 < z < 8 (Bouwens et al., 2012; Schenker

et al., 2013). However, an important and non-trivial step in measuring the SFRD

from the far-UV is accounting for dust extinction. Much of the UV light emitted

by star formation is absorbed by dust and reradiated at longer wavelengths, with

only a small fraction escaping the galaxy as UV, particularly at 0 < z2 (Madau

& Dickinson, 2014). The attenuation due to dust can be estimated by measuring

the UV spectral slopes of star-forming galaxies and converting to dust attenuation

using the attenuation-reddening relations from Calzetti et al. (2000); Meurer et al.

(1999). However, particularly at higher redshift, there is an observed trend that less

luminous galaxies have bluer UV slopes, which would lead to a smaller inferred dust

attenuation and so a luminosity dependent dust correction (Bouwens et al., 2014).
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This is particularly problematic when measuring the SFRD at high redshift, as the

relatively higher numbers of faint galaxies means they contain a significant amount

of the SFRD, leading it to be very sensitive to the integration limits used (Madau &

Dickinson, 2014). Other techniques include fitting stellar population models to the

UV-optical SEDs (e.g. Cucciati et al., 2012), and energy-balanced SEDs, based on the

conservation of energy between the light absorbed and the light reemitted (e.g. Da

Cunha et al., 2008; Smith & Hayward, 2015). Alternatively, one can compare the far

infrared (IR) and the uncorrected far UV luminosity densities, as the absorbed light

should be reradiated by the dust in the far IR, allowing for the measurement of the

full SFRD as well as the amount of light attenuated (Burgarella et al., 2013).

The SFRD can also be measured using IR data, as much of the UV light produced

by star formation is absorbed by dust and then re-radiated in the IR. This has led

to measurements of the SFRD locally (Sanders et al., 2003; Takeuchi et al., 2003) as

well as out to z > 2 (Gruppioni et al., 2013; Magnelli et al., 2009, 2013). At this

point the rest-frame IR becomes hard to access as it is redshifted to lower wavelengths

which can only be seen from above the atmosphere, as well as the difficulty in building

detectors with high sensitivities in this range. A combination of these results is shown

in Figure 1.5 from an analysis in Madau & Dickinson (2014). It shows the SFRD

rising consistently from z = 8 to z = 3 before peaking at z ≈ 2 − 1.5 and then

gradually declining to the present day.

Galaxy Colours

There is a significant bimodality in the relationship between the colour of galaxies and

their magnitudes (Baldry et al., 2004; Balogh et al., 2004; Strateva et al., 2001). Red

galaxies are on average brighter than blue galaxies, and the two populations appear to

have different characteristics in LFs, mass functions and their evolution (e.g. Loveday

et al., 2012) as well as age (Thomas et al., 2010), while the relative fraction of each
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is highly dependent on environment (Baldry et al., 2006). There is also a difference

in morphology; red galaxies are generally large spheroids, whereas blue galaxies tend

to be disks with spiral arms, or small and irregular. The two populations have been

termed the blue cloud and the red sequence (e.g. Bell et al., 2004; Schawinski et al.,

2014) due to the shape of the colour-size distributions. Galaxies are thought to be

in the blue cloud when they form before, at some point, star formation is mostly

switched off and they move to the red sequence, continuing to grow by accreting

satellite galaxies and become redder as their stellar populations age (e.g. Bell et al.,

2004; Faber et al., 2007; Wyder et al., 2007).

The way in which galaxies move from the blue cloud to the red sequence, through

the so-called green valley, is still uncertain. Major mergers are thought to be part of

the solution, given the link to the formation of elliptical galaxies (e.g. Barro et al.,

2013; Darg et al., 2010a,b). The prevalence of AGN in galaxies in the green valley

initially led to the suggestion that AGN feedback was responsible for the change,

driving the gas out of the galaxy and quenching star formation (e.g. Bower et al.,

2006; Croton et al., 2006; Di Matteo et al., 2005; Schawinski et al., 2007). However,

more recently this has become less popular. In particular, Schawinski et al. (2014)

find evidence for two possible pathways from the blue cloud to the red sequence that

produce red galaxies with either spiral (late-type) or spheroidal (early-type) morphol-

ogy. They suggest that late-type galaxies have their gas supply cut-off, inducing a

slow decline in star formation rate over Gyr timescales as the gas in the galaxy is

gradually used up. The mechanisms associated with this may be the same as those

which cause AGN activity, such as bars, and the decreasing star formation rate may

also lead to less stellar feedback which increases accretion onto the black hole. In

this scenario, AGN are either a co-evolution or a consequence of the decline in star

formation, not the cause. For late-type galaxies, the star formation rates are seen

to decline over much faster timescales (∼ 200 − 300 Myr) consistent with a merger,
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which may also trigger AGN feedback which, along with the merger, drive the gas out

of the galaxy and shut off star formation swiftly. A similar, if more gradated, picture

is also found by Smethurst et al. (2015), who find that most transitions appear to be

a combination of mergers removing the gas in the galaxy and the gas supply of the

galaxy being shut off, producing red galaxies with more or less remaining structure

depending on which pathway played a larger role.

One of the most interesting developments over the last 15-20 years has been the

growing evidence for the effect known as downsizing (Cowie et al., 1996). Unlike what

might be assumed from hierarchical structure formation where the smallest dark mat-

ter haloes form first, the evidence is mounting that more massive galaxies assembled

the bulk of their stellar mass very early, before smaller galaxies. Measurements of

the stellar mass of galaxies out to z ≈ 4 have shown that the largest galaxies assem-

ble the bulk of their stars very quickly and early, while lower mass galaxies assemble

their stars increasingly slowly and at later times (Pérez-González et al., 2008; Thomas

et al., 2010). The right-hand plot of Figure 1.5 illustrates this by showing when late-

type galaxies of different masses formed their stars, with the largest galaxies forming

stars quickest and at highest redshift. This has been observed with the metallic-

ity ratio [α/Fe], which provides an estimated star formation timescale by comparing

metallicities produced in short-scale core collapse supernovae with long-scale Type Ia

supernovae.

1.2.3 Modelling Galaxy Formation

The lack of an observer’s ability to frame an experiment has led to astronomers

developing other methods by which to test the theories behind galaxy formation,

namely, simulations. The nonlinear nature of the processes governing galaxy evolution

make it impossible to follow with analytical methods, and so any models must find a

way to manage this. The two main techniques are to either directly solve the equations
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Figure 1.5: Top: the history of cosmic star formation from z = 8 to z = 0
as measured in the Far-UV (green, blue and pink points) and IR (red and
orange points), taken from Madau & Dickinson (2014). Bottom: Specific
star formation rate as a function of look-back time for early-type galaxies
of various masses as indicated by the labels. High mass galaxies form their
stars in an extreme, fast burst at high redshift (the red peak), intermediate
mass galaxies form their stars over a slightly longer timescale and at lower
redshift (the orange and green peaks) and lower mass galaxies form their
stars over the longest timescales, peaking at the lowest redshift (the blue
peak). Figure taken from Thomas et al. (2010).
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of gravity, hydrodynamics and radiative transfer in large, N-body hydrodynamical

simulations, or to attempt to approximate many of the processes that cannot be

explicitly modelled and solve a simplified set of equations in semi-analytic models

(SAMs).

Hydrodynamical and N-body simulations

Hydrodynamical simulations attempt to directly solve the equations that govern

galaxy evolution. They are either cell-based, such as adaptive mesh refinement (AMR;

Kravtsov et al., 1997; Teyssier, 2002), which uses the formation of smaller and smaller

cells based on a condition such as density to produce both a large simulation size and

high resolution in the places where it is required, or particle-based, such as Smooth

Particle Hydrodynamics (SPH; Gingold & Monaghan, 1977; Springel, 2010), where

gas and dark matter are treated as particles, but properties such as temperature

or metal content are smoothed over multiple particles. Initially, much progress was

driven by SPH, which allowed a much better resolution over the wide range of scales

needed than initial cell-based methods, but was seen to struggle to produce sharp

phenomena such as shocks (Scannapieco et al., 2012), which led to increased focus

on cell-based methods, where AMR offers a way for cell-based simulations to manage

the range of scales necessary.

Hydrodynamical simulations include direct modelling of gravity, by modelling the

gravitational force on each matter particle from every other matter particle according

to Newtonian gravity, as the correction compared to General Relativity is small. This

is set within a comoving box expanding according to the Friedmann equation (Equa-

tion 1.4; Friedmann, 1922, 1924), obtained from General Relativity. As the mass is

dominated by dark matter, which only feels gravity, dark matter only N-body sim-

ulations have produced excellent insight into the merger histories and substructures

of dark matter haloes which can be fed into SAMs (e.g. Reed et al., 2009; Springel
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et al., 2008).

Gas physics is normally modelled using the Euler equations, which are a form of

the Navier-Stokes equations assuming no viscosity or conduction, for mass, momen-

tum and energy conservation (see e.g. Batchelor, 2000; Landau & Lifshitz, 1987). This

can either be done via the Lagrangian method, where the particles carry information

about the fluid, or the Eulerian method, where the fluid is split into discrete cells and

properties are computed across the cell boundaries. SPH is a Lagrangian method,

which tend to be better at producing dynamic range, while AMR is an Eulerian

method, which is better at handling boundary-based situations such as shocks and

surface instabilities (Somerville & Davé, 2015), however AMR can offer the ability to

resolve extremely large dynamic range if necessary, such as to study mergers in zoom

simulations (e.g. Kim et al., 2009).

Radiative processes also have a huge effect on the behaviour of galaxies, and as

such radiative cooling and photo-ionization heating are commonly included, as well

as cooling by metal line emission, and radiation transport, which is necessary for

the study of reionisation. The cooling effect of metals also means that tracking the

chemical evolution of a galaxy is important. This can by done by tracking the Type II

supernovae to reproduce oxygen abundance, asymptotic giant branch stars to follow

carbon production and Type Ia supernovae to trace iron production.

Computational constraints make it unfeasible to resolve both the scales on which

haloes form as well as on which star formation occurs and so hydrodynamical sim-

ulations must include sub-grid physics to describe this. Star formation is normally

implemented following Katz (1992), where star-cluster particles form at a rate based

on the gas density and tuned to the observed Kennicutt relation between gas den-

sity and star formation rate (Kennicutt, 1998) once the gas has reached some critical

density (e.g. Springel & Hernquist, 2003). Black holes are seeded in haloes above

some critical mass, and then accrete following Bondi accretion (Bondi, 1952). The
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number of core collapse supernovae are predicted using an initial mass function, and

then the energy output is deposited into the gas both thermally and kinetically. AGN

feedback is similarly added in, with output energy from the AGN coupling thermally

and kinetically to the gas in a method dependent on the accretion rate of the AGN,

i.e., whether it is in the ‘quasar’ or ‘radio’ mode (Croton et al., 2006).

Hydrodynamical simulations are useful as they offer the opportunity to study

things which are observationally inaccessible, such as the density and velocity (or

temperature) of dark matter, gas and stars as well as the metallicity of the gas over

cosmic time. This provides the full formation history of the simulated galaxies, gives

us information on their structure and kinematics and their relative distributions with

any number of characteristics such as mass, luminosity, or position. Crucially, they

also allow us to study the imperfections in observational techniques by comparing

measurements of the properties of the simulation made using observational methods

with the true value, helping to improve the future analysis of observations.

These simulations are limited, however, by computational ability, producing

resolution-based effects that can be difficult to tell from physics-based effects (such as

whether a halo would show any trace of its progenitors, Katz & White, 1993; Tormen

et al., 1998), and necessitating the use of sub-grid physics to describe phenomena

below the resolution of the simulation. These sub-grid recipes can be hard to test

sensibly due to the amount of time a simulation takes to run, leading to somewhat

arbitrary choices, although SAMs can help by testing a range of sub-grid physics

much faster.

Semi-Analytical Models

As it is not currently possible to resolve both the sub-parsec scales necessary to

model star formation or black hole accretion disks as well as the super-megaparsec

scales on which the largest haloes form, SAMs provide a necessary middle-ground
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that allows astronomers to make predictions over very large volumes and numbers of

galaxies using a combination of N-body techniques with added in approximations to

describe sub-grid physics. Because they are so much faster to run, they also allow for

comprehensive testing of sub-grid recipes, whereas hydrodynamical simulations have

a much more limited ability to do this.

The effects of gravity can be included via the merger trees and halo structures

taken from N-body simulations. Halo finders are used to identify dark matter haloes

and sub-haloes (see Knebe et al., 2011), which are then traced through the simula-

tion, producing a record of their masses and the times at which they merge, repre-

sented by a merger tree. Merger trees can also be produced semi-analytically using

Press-Schechter theory (Press & Schechter, 1974), extended and modified to better

match numerical merger trees (Bower, 1991; Lacey & Cole, 1993). This produces a

population of dark matter haloes, each with a mass assembly history.

Once the mass assembly history of a halo is known, the evolution of the galaxies

within can be modelled. Galaxies are formed following analytical descriptions of

how gas cools and condenses inside haloes (White & Frenk, 1991). Stars are formed

in a very similar way to hydrodynamical simulations, based on the gas density as

determined by the cooling model and the size of the disk, which is estimated using

the initial angular momentum. Black holes are formed and evolved either following

results from hydrodynamical simulations, or by, for instance, growing black holes after

mergers.

When haloes merge, the fate of the sub-halo and its satellite galaxy are modelled

by estimating the timescale of the decay of the orbit due to dynamical friction (Chan-

drasekhar, 1943), sometimes with corrections from N-body simulations (e.g. Boylan-

Kolchin et al., 2008; Jiang et al., 2008b). If the sub-haloes are not destroyed en route,

they are assumed to merge with the central galaxy, at which point a set of recipes

will cause effects like bursts of enhanced star formation and morphological change
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such as the formation of spheroids from disks.

SAMs require a much reduced computational cost compared to hydrodynamical

simulations. This allows for the simulation of large populations of galaxies over a

wide mass range for comparison with observations. They are not affected by some of

the numerical issues that can cause difficulties in hydrodynamic simulations (such as

discreteness effects, Romeo et al., 2008). They also offer an ideal way to test different

recipes to describe sub-grid physics, and recent work has used a Bayesian inference

approach to better explore values of model parameters or different families of models

(e.g. Henriques et al., 2009; Lu et al., 2011).

The fact that much of the physics input into SAMs is chosen by simulator rather

than measured is a significant limitation. While there has been good agreement

with some observations (e.g. Guo et al., 2011), this agreement is often forced at the

detriment of other observations, such as the stellar mass function both at low and high

redshift (Fontanot et al., 2009). An obvious problem with the input sub-grid physics

(in both SAMs and hydrodynamical simulations) is highlighted by downsizing, which

is the opposite of what would be expected if galaxy and star formation simply follow

the hierarchical formation of dark matter haloes; this has led to the modification

of the recipes for star formation and the feedback from supernovae by, for example,

modifying outflow efficiencies and accretion timescales (Henriques et al., 2013; White

et al., 2014).

1.3 Galaxies at High Redshift

When the first galaxies form, the gas around them is cold and still neutral following

recombination. UV photons emitted by the first stars are absorbed by the neutral

hydrogen, forming a small bubble of ionised gas around each galaxy. As more galaxies

form, the bubbles grow and merge until eventually, almost all of the hydrogen is hot
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Figure 1.6: Schematic of the transition from neutral to ionised IGM. On
the left, after recombination, dark matter haloes collapse until the first
stars and galaxies form. These ionise small bubbles of the IGM, which
slowly overlap until the IGM is predominantly ionised on the right. Figure
taken from Robertson et al. (2010).

and ionised. This process is called reionisation and constitutes the last phase change

of the Universe. When and how it occurred are still largely unknown, with spectra of

high-redshift quasars showing evidence for complete reionisation by z ∼ 6 (Fan et al.,

2006; see Figure 1.8), while the measurements of the CMB give a redshift of 8.8± 0.9

as the point when half of the universe is reionised (Planck Collaboration, 2016). Quite

how the ionised bubbles percolated throughout the Universe, and the properties of

the galaxies that ionised the hydrogen are topics of current research. Figure 1.6 shows

a schematic demonstrating how it is thought to have happened, with galaxies initially

forming at z ∼ 15− 30 and causing a gradual reionisation starting from z ∼ 20 and

ending at z ∼ 6 (Robertson et al., 2010), although this does require the presence of

star-forming galaxies at z > 10 (Robertson et al., 2015).

Following the installation of Wide Field Camera 3 (WFC3) on the Hubble Space

Telescope (HST) in 2009, samples of large numbers of galaxies at z > 6 have allowed

us to study the Epoch of Reionisation. The LFs of these galaxies have been seen to

have extremely steep shapes at the faint end (e.g. Schenker et al., 2013), showing a

population of mostly faint star-forming galaxies that appear to produce a high enough

density of UV photons to reionise the Universe, if only just (Robertson et al., 2013,

2015). The detections of several extremely bright galaxies at z > 10 (Bouwens et al.,
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2015; Coe et al., 2013; Infante et al., 2015; Oesch et al., 2016) also suggest that the

required presence of star-forming galaxies at z > 10 is reasonably likely.

More than a thousand galaxies have been detected at z > 6, with possible de-

tections up to z & 10 (Bouwens et al., 2015; Oesch et al., 2016). The galaxies in

this redshift range have been found to be small and compact, with half-light radii of

r1/2 < 0.5 kpc (Oesch et al., 2010; Ono et al., 2013), and the faintest galaxies poten-

tially having only r1/2 ∼ 100− 200 pc (Bouwens et al., 2016). There is some evidence

of size evolution with redshift (Bouwens et al., 2004a; Oesch et al., 2010; Ono et al.,

2013), this cannot ruled out as merely an observational effect (Curtis-Lake et al.,

2016). The morphology of the brightest galaxies is very clumpy, potentially showing

evidence of merging systems (Ouchi et al., 2013) although it is possible these may

be star-forming clumps with an underlying substructure that is not visible in the UV

(see Bowler et al., 2016). There is not noticeable morphology evolution and galaxies

appear approximately as disturbed at z ∼ 8 as they are at z ∼ 4 (Curtis-Lake et al.,

2016).

High redshift galaxies are extremely blue. The steepness of the UV-continuum

slope can be quantified by assuming a power law slope, where Fλ ∝ λβ, and measuring

the exponent, β, via the photometry. On average, galaxies at z ∼ 6 have UV slopes

with β . −2, as would be expected from star forming galaxies with a lower dust

content than is seen at later times. β has been seen to steepen both with redshift,

suggesting a trend of decreasing dust fraction at earlier times, and at low luminosity,

suggesting that the smaller galaxies have less dust than larger galaxies at the same

redshift (Bouwens et al., 2014; Willott et al., 2013).

The process of reionisation can also be probed by studying Lyman-α emission at

high redshift. Lyman-α emission from very high redshift galaxies is expected to be

damped by the neutral IGM. Studying the fraction of galaxies with Lyman-α emission,

Lyman-α emitters (LAEs), allows us to study the formation of ionised bubbles, as
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Figure 1.7: A summary of the characteristics of high redshift galaxies. Top
left: the evolution of the UV LF from z ∼ 4 to z ∼ 8, taken from Finkel-
stein et al. (2015). Top right: the size-magnitude relation of galaxies at
z ∼ 6, taken from Bouwens et al. (2016). Bottom left: evolving frac-
tion of LAEs, taken from Schenker et al. (2014). Bottom right: the β-
magnitude relationship, also showing the steepening of β with redshift,
taken from Bouwens et al. (2014).
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Lyman-α will only be visible from a galaxy if it is within a bubble large enough for

redshift to have an appreciable affect on the wavelength of the line emission across

the width of the bubble. After initially increasing from z ∼ 3−6 due to the changing

amount of dust in galaxies, the fraction of LAEs decreases at z > 6 as the IGM

becomes increasingly neutral (Caruana et al., 2014; Pentericci et al., 2014; Schenker

et al., 2012; Schmidt et al., 2016). The clustering of LAE can reveal the presence

of large or overlapping bubbles (Castellano et al., 2016), and faint galaxies have

been seen to have a higher fraction of LAEs, supporting the idea that reionisation is

caused by faint galaxies rather than bright ones (Oyarzún et al., 2016; Stark et al.,

2010, 2011).

1.3.1 Selection of high-redshift galaxies

The faint apparent magnitudes of high redshift galaxies make it very hard to obtain

reliable spectroscopic redshifts, and the low surface densities of high redshift galaxies

make them extremely impractical to find with a spectroscopic survey, as the very low

number counts of high redshift galaxies compared to low redshift sources seriously

lowers the chances of finding them in a particular sample. Narrow band searches for

high redshift LAEs do not sample very much redshift space at any one time, making

them reasonably inefficient ways of building up samples (e.g. Cowie & Hu, 1998).

More powerful techniques to find large samples of potential high redshift objects

rely on photometric selection. In some ways, it is easier to select high redshift galax-

ies using only photometry than low redshift galaxies; they are characterised by a

sharp spectral feature that lends itself very well to both photometric redshift fitting

and colour selection and can provide a reasonably precise redshift. The situation

is also simpler at higher redshift, with galaxies having had less time to evolve and

change, producing a slightly more uniform population. The two main methods are

photometric redshift fitting, and the Lyman break technique.
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Lyman Break Technique

The Lyman break technique is a powerful selection method based on the ability

to isolate high redshift galaxies in colour-space due to their sharp spectral features

(e.g. Steidel et al., 1996). Neutral hydrogen around stars absorbs UV light short-wards

of the Lyman-limit at 912 Å, truncating the SED (or spectral energy distribution) at

wavelengths shorter than this and producing a sharp spectral break. For a galaxy at

high redshift, as the light travels through the intergalactic medium, intervening clouds

of neutral hydrogen will each leave a Lyman-α absorption feature at the rest-frame

wavelength of the cloud, creating what is known as the Lyman-α forest blue-wards of

the galaxy’s rest-frame Lyman-α at 1216 Å. For galaxies with z > 4 the cumulative

effect of these lines extends the spectral break to the wavelength of rest-frame Lyman-

α, forming the Lyman break. A demonstration of this can be seen in Figure 1.8, which

shows the spectra of a sample of high redshift quasars. With increasing redshift, the

emission left of Lyman-α (8147 Å at z = 5.71 and 9022 Å at z = 6.42) is damped

as the Lyman-α forest turns into a Gunn-Peterson trough (Gunn & Peterson, 1965).

Lyman-α is a resonant transition line; therefore, it takes very little neutral hydrogen

in the line of sight to produce a large damping effect. The presence of emission blue-

wards of Lyman-α in quasar spectra at z < 6 tell us that the concentration of neutral

hydrogen is so low that the Universe must be completely reionised by z ∼ 6 (Fan

et al., 2006).

The Lyman break will produce an extremely red colour in two filters either side of

the break, which can be photometrically selected for. If only one colour is used, the

Lyman break can be hard to distinguish from the Balmer break at 4000 Å, leading to

contamination by lower redshift galaxies. For this reason, a second colour cut is used

to select on the intrinsic properties of the high redshift galaxies themselves. Lyman

break galaxies are star-forming, blue galaxies, and so will have very blue colours in

bands above the break to reflect this, separating them from the lower redshift, in-
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Figure 1.8: Spectra of 27 high redshift quasars plotted against observed
wavelength, adapted from Fan et al. (2006) and Jiang et al. (2008a, 2009).
The flux blue-wards of Lyman-α is increasingly suppressed at high redshift,
showing the development of a Gunn-Peterson trough.
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trinsically red galaxies. Finally, because of the extreme spectral damping particularly

above rest-frame 912 Å, non-detection limits can be used to further weed out contam-

inants. Dwarf stars also have a sharply reddening spectral shape in contaminating

wavelength ranges, but they can be removed by ignoring any unresolved sources as

well as with the extra colour cut, and imaging in further infrared bands (Stanway

et al., 2008; Wilkins et al., 2014). This can be seen in Figure 1.9, where the region

in colour space inhabited by Lyman break galaxies is shown. By selecting specific

filters above and below the Lyman break, a narrow redshift range can be isolated and

galaxies within this range can be efficiently selected.

The Lyman break technique has its advantages; it is a simple, reproducible method

that can powerfully select high redshift candidates down to faint magnitudes without

requiring too much data. Three photometric bands (one blue-wards of the break and

two red-wards) are needed to isolate the right area in colour space, as well as a further

lower wavelength band to ensure non-detection at wavelengths blue-wards of the rest-

frame Lyman limit. Additional observations at longer wavelengths are required to

cleanly remove stars and other contaminants, but it is relatively straightforward to

model the selection function, contamination and completeness of a particular survey,

allowing the observer to derive intrinsic properties of a galaxy population despite the

uncertainty on the redshift of any individual object.

It also has it downsides, however; as it only selects a particular type of galaxy,

which one cannot safely assume is the only type of high redshift galaxy, it produces an

incomplete sample. It does not give individual redshift information, only confirmation

that an object is probably within a redshift range. It also provides no information

about how reliable any one candidate is, only group contamination rates. The fact

that it uses a blue intrinsic colour as a selection criterion biases any samples to bluer

galaxies, which can give misleading measurements of the UV slope (Dunlop et al.,

2012; McLure et al., 2011). Finally, as we move further into the era of surveys with
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Figure 1.9: Colour-colour plot showing the selection of z ≈ 7 candidates in
the HUDF. The y-axis shows the colour across the break, in which only
red colours must be selected, and the x-axis shows the colour red-wards
of the break, in which only blue colours must be selected, leaving the grey
area as the region with possible high redshift galaxies. The predicted red-
shift tracks taken by high redshift galaxies are shown by the blue lines.
The plot also shows the colours of Galactic stars (coloured filled circles; a
key to stellar type is at the bottom of the plot) and a passively evolving
instantaneous burst of star formation that occurred at z = 10 (red dashed
line). The high redshift candidates are shown by black circles, with candi-
dates that failed the optical non-detection criterion in small blue circles.
Figure taken from Wilkins et al. (2011a).
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high numbers of photometric bands, the fact that this technique does not use all of

the available wavelength data will make it less attractive.

Photometric redshift selection

As the number of surveys with deep multi-wavelength information builds, photometric

redshift selection has become an increasingly robust and popular technique. With

good optical data and spectroscopic training sets it is possible to get reliable redshift

information for large numbers of galaxies at once (e.g McLure et al., 2009, 2011).

The current most common method relies on fitting photometry to modelled SEDs of

different galaxy types, with different amounts of reddening and absolute luminosities

over a range of redshifts (see e.g. Arnouts et al., 2007; McLure et al., 2011). The

sharpness of the Lyman break, which produces the extreme colours necessary for the

Lyman break technique, also provides a very strong requirement when it comes to

fitting photometry (McLure et al., 2013). In principle, photometric redshift fitting

to templates works on a similar basis to the Lyman break technique, but it offers

a far more tailorable approach which can take into account many different galaxy

types, is not limited to a particular redshift range and makes the best use of all of

the available data (e.g. Dunlop et al., 2012; Finkelstein et al., 2010; McLure et al.,

2009, 2010, 2013). Other methods than template fitting are becoming more common;

improvements in computational techniques have lead to the use of machine learning

with, for instance, neural networks and genetic algorithms (Firth et al., 2003; Hogan

et al., 2015).

It has, however, both advantages and drawbacks; on the plus side, one automati-

cally has information derived from the best-fit SED such as galaxy type, stellar mass,

age, and star formation history. However, this is all based on the models used in the

first place and so must be interpreted very carefully. Photometric redshift samples

have very good agreement with their spectroscopic training sets, but these are obser-
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vationally biased to bright galaxies at low redshift and there is no way of knowing if

the agreement covers all of the redshifts measured. Still, the statistical nature of the

technique makes it possible to deal with the uncertainties in redshift, either by only

looking at the most robust fits or by using the fitting information at different redshift

ranges.

At very high redshift, it is difficult to access the bulk of the optical and infrared

parts of the SED, making the redshifts more uncertain and the derived properties

(especially those which come from unconstrained parts of the SED) more of an ex-

trapolation, but this lack of information can be dealt with in a statistically rigorous

way (e.g. McLure et al., 2009, 2011); furthermore, data sets with a variety of photo-

metric information can be handled in a consistent manner, with detections in some

bands but not others causing no issues (e.g. McLure et al., 2009).

It is very challenging to obtain samples of spectroscopically confirmed high redshift

galaxies to use as training sets, but recent progress has been made in building up

samples of galaxies with spectroscopic redshifts with several hundred confirmations

at z > 4 (e.g. Curtis-Lake et al., 2013; Schenker et al., 2012; Stark et al., 2009, 2010,

2011).

At lower redshift, the Lyman break technique starts to become limited by what

filters are available. At z ∼ 3, galaxies can be selected by looking at the optical u-B

colour, but at z ∼ 1, photometry in the far and near UV is necessary (Burgarella

et al., 2006), which is more difficult to obtain than optical imaging. For this rea-

son, photometric redshift fitting is far more popular at lower redshift, where it is

much more common to have good photometric data on sources, as well as huge spec-

troscopic redshift samples by surveys such as the Sloan Digital Sky Survey (SDSS),

the Galaxy And Mass Assembly (GAMA) survey and the Vimos-VLT Deep Survey

(VVDS) providing very good spectroscopic training sets. The continual accumulation

of spectroscopic samples both at high and low redshift means that photometric red-
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shifts are improving, as well as advancing computational techniques such as machine

learning (e.g. Almosallam et al., 2016; Ball et al., 2008; Firth et al., 2003; Hogan

et al., 2015) leading to very promising results.

1.4 Galaxy Luminosity Functions

The galaxy luminosity function (LF) offers one of the most basic tools to study galaxy

evolution over cosmic time. It characterises the relative distribution of galaxies at

different luminosities or magnitudes by counting the number of galaxies in a volume

per unit luminosity, such that

dN = φ(L)dLdV . (1.16)

The volume here is comoving, such that an unchanging sample of galaxies at differ-

ent redshifts will have the same volume density. This makes the LF a way of directly

comparing galaxies at different redshift, with changes produced by differences in the

populations themselves rather than cosmic expansion, allowing us to concentrate on

the effects of evolutionary stage, galaxy type and environment.

The galaxy LF is one of the more direct population characteristics that can be

measured, more so than, for example, mass functions or star formation histories which

rely on fitted model galaxy SEDs. It furnishes us with a reliable metric with which

to evaluate different populations of galaxies, different stages in the history of the

Universe and different theories of galaxy evolution. The way it is shaped by the

underlying distribution of dark matter haloes and the processes that cause it to differ

from this, such as feedback from star formation and AGN, makes it an ideal testbed

to learn about these different evolutionary pressures.
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1.4.1 Measuring the LF

The galaxy LF is normally parameterised using a Schechter function, which has his-

torically been very successful in describing the galaxy LF. This was first proposed

by Schechter (1976) following Press-Schechter theory for describing the mass function

of galaxies (Press & Schechter, 1974). It is a three-parameter combination of a power

law with an exponential cut-off:

φ(L)dL = φ∗
(
L

L∗

)α
exp

(−L
L∗

)
dL

L∗
. (1.17)

L∗ is the characteristic luminosity of the sample, and describes the ‘knee’ of the func-

tion as it changes most rapidly from a power law (fainter than L∗) to an exponential

cut-off (brighter than L∗). φ∗ is a normalisation factor describing the volume density

of galaxies, normally quoted in either Mpc−3/∆L or h3Mpc−3/∆L, and α defines the

slope of the power law at the faint end of the LF. The Schechter function diverges

for α = −2 but can be integrated to give the total luminosity density, which can be

expressed in the form of the incomplete gamma function:

JL =
∫ ∞
Llim

Lφ(L)dL = φ∗L∗Γ(α + 2, L/L∗). (1.18)

It is also common to convert from luminosity to magnitudes via

φ(M)dM = φ(L)d(−L)M −M∗ = −2.5 log
(
L

L∗

)
(1.19)

to give

φ(M) = 0.4 ln(10)φ∗110−0.4(M−M∗1 )(α+1) exp
(
−10−0.4(M−M∗1 )

)
, (1.20)

where the double exponential leads to an extremely sharp cut-off at bright magni-
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tudes. While a Schechter function (shown in the top left panel of Figure 1.7) is the

most popular functional form assumed, there are other variations such as a double

power law, which is frequently used to fit populations of quasars and can be used to

fit high redshift galaxies (e.g. Bowler et al., 2015).

The LF can be estimated both parametrically and non-parametrically, and both

methods have their advantages and disadvantages. Sandage et al. (1979) developed

a very popular approach to estimating the LF parametrically based on Maximum

Likelihood Estimation. This is very useful in situations where one is reasonably sure

of a parameterisation, and in many cases where the use of a parameterisation like the

Schechter function naturally lends itself to analytically calculating properties such

as the overall luminosity or number density, or tracking the changes in parameters

with for instance, redshift, environment or galaxy type to quantify how populations

of galaxies differ.

Non-parametric estimations, such as the 1/Vmax estimator, offer a way of mea-

suring the LF without assuming an underlying functional form. This allows a direct

measurement that does not restrict the shape of the LF, but can be more subject to

observational bias which must be taken into account.

1.4.2 Evolution

Measuring the evolution of the LF allows us to see changes in the statistical prop-

erties of galaxy populations in a way that we cannot measure for a single galaxy.

This can be done most simply by measuring a LF separately in different redshift

slices, as is shown in the top left plot of Figure 1.7 where the UV LFs of galaxies at

high redshift are compared to one another and the change in Schechter parameters

studied. A second method involves fitting a parameterised form of evolution to the

Schechter parameters themselves. In this method, parameterisations can be split into

pure luminosity evolution and pure density evolution, or combined to give luminosity
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dependent density evolution.

Pure luminosity parameterisation assumes that the evolution is dominated by

galaxies that have undergone secular evolution with no mergers, leading them to

brighten and fade but not change in number density. This normally takes the form

of

L∗(z) = L∗(z=0)(1 + z)k (1.21)

in terms of luminosity, or

M∗(z) = M∗
(z=0) + 2.5k log10 (1 + z) (1.22)

in magnitude. The speed and direction of the evolution since z = 0 is governed by

the luminosity evolution parameter, k.

Pure density evolution, on the other hand, assumes that galaxies have evolved in

numbers, either via the formation of new galaxies at higher redshift, which would

increase the number density, or more recently by merging, which acts to decrease the

number density. This parameterisation normally takes the form

φ∗(z) = φ∗(z=0)(1 + z)k (1.23)

where k this time is the density evolution parameter.

Although frequently fit globally, both luminosity and density evolution will be

highly dependent on galaxy characteristics such as type, mass and environment. For

this reason, it can be very useful to split LFs by different characteristics and measure

the different evolutions, such as separately examining the evolution of red early-type
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Figure 1.10: Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel), and for the quiescent population (middle panel).
Filled regions correspond to the 1σ confidence level, and the black trian-
gles and squares correspond to the local estimates by Moustakas et al.
(2013) and Baldry et al. (2012). The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift bins.
Figure and caption from Ilbert et al. (2013).
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galaxies that are expected to be passively dimming in luminosity with little density

change versus the evolution of blue late-type galaxies, which are expected to have

significant density evolution as they form and undergo mergers. The usefulness of

this can be seen in Figure 1.10, which shows the mass functions of galaxies up to

z = 4 in UltraVISTA from Ilbert et al. (2013), which have been split into star-

forming and quiescent, showing the different shape of the mass functions, and the

difference in their evolution.

1.4.3 Measurements of the Galaxy LF

The galaxy LF has been extensively studied with measurements across a wide range

of wavelengths and redshifts, from the UV LFs of Lyman break galaxies at z >

7 (Finkelstein et al., 2015) to the radio luminosity functions of AGN and star-forming

galaxies at low redshift (Prescott et al., 2016).

At low redshift, surveys such as the Two Degree Field Galaxy Redshift Survey

(2dFGRS; Colless et al., 2001) ushered in the current era of large scale mapping of

the local universe with their use of multi-fibre technology, allowing them to measure

multiple spectroscopic redshifts at once and producing a final catalogue of ∼ 220, 000

spectroscopically confirmed galaxies out to zmax ∼ 0.3. Norberg et al. (2002) used

their data to measure the bJ -band LF at z = 0, measuring M∗
bJ
− 5 log h = −19.66±

0.07, α = 1.21± 0.03 and φ∗ = (1.61± 0.17)× 10−2h3Mpc−3.

This was followed in fantastic style by the SDSS (York et al., 2000). This was

the first survey to image the sky in five filters (u′, g′, r′, i′, z′) at once and eventually

supplied spectroscopic redshifts of ∼ 1, 000, 000 galaxies. The commissioning data

yielded a first LF determination from 11,275 galaxies presented in Blanton et al.

(2001), before a follow-up in Blanton et al. (2003) presented the rest-frame r’-band

LF from 147,986 galaxies at z = 0.1 in the second data release, SDSS-DR2, finding

M∗−5 log h = −20.44±0.01, α = −1.05±0.02 and φ∗ = (1.49±0.04)×10−2h3Mpc−3.
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The final update in SDSS-DR6 (Adelman-McCarthy et al., 2008) measured M∗ −

5 log h = −20.71 ± 0.04, α = −1.26 ± 0.02 and φ∗ = (0.93 ± 0.07) × 10−2h3Mpc−3

using 516,891 galaxies.

More recently, large scale spectroscopic redshift surveys have been pushing away

from z < 0.1. The GAMA survey allowed the measurement of the ugriz galaxy LFs

out to z = 0.5 as well as their evolution since then (Loveday et al., 2012). Both GAMA

and SDSS could also provide LFs split by galaxy colour, allowing the investigation

of how the bimodal nature of the colour-magnitude distribution of galaxies (Baldry

et al., 2004, 2006) affects the evolution of the different LFs. Loveday et al. (2012) found

that red galaxies have shown passive evolution since z = 0.5, while blue galaxies have

shown evidence of mergers. Cool et al. (2012), using the AGN and Galaxy Evolution

Survey (AGES; Kochanek et al., 2012), found that both blue and red galaxies brighten

in a similar fashion from z = 0 to z = 0.75, and while both populations show evidence

of density evolution, with higher density now than at z = 0.75, the change is much

more extreme for red galaxies than blue galaxies.

With the rise of surveys with large amounts of photometric data, it has become

possible to find photometric redshifts for large samples of galaxies out to higher

redshift. The COMBO-17 survey made a breakthrough in this area, providing pho-

tometric redshifts for ∼ 25, 000 galaxies in an area of 0.78 degree2 using 17 bands

in the redshift range 0.2 < z < 1.2 (Wolf et al., 2003). Because of the SED fitting

necessary to find photometric redshifts, they could split up their sample by galaxy

type, and trace separate evolution of the LFs. They found red, early-type galaxies are

far more abundant at low redshift than high redshift, while bluer, late-type galaxies

do not show much change in either luminosity or density. VVDS (e.g. Ilbert et al.,

2005) followed on from this, probing evolution out to z ∼ 1.5. Zucca et al. (2006) per-

formed a similar analysis to that of COMBO-17 with VVDS and found that, unlike

COMBO-17, they did not measure a strong density evolution in early-type galaxies,
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instead measuring strong density evolution of late-type galaxies, with lower density

at high redshift. The redshift survey zCOSMOS (Lilly et al., 2007; Zucca et al., 2009)

presented LFs from 10,644 objects in the range 0.01 < z < 1.3, both divided up by

spectrophotometric and morphological type, with Zucca et al. (2009) finding the same

evolution as seen in VVDS.

Stepping up in redshift, Marchesini et al. (2007) measured the K-band LF of 1000

galaxies in 378 arcmin2 over the redshift range 2 < z < 3.5. They found that galaxies

at z > 2 had characteristic magnitudes that were ∼ 1.2 magnitudes brighter in the

R-band, and were ∼ 5 times less dense than current values. Cirasuolo et al. (2010)

presented the evolution of the K-band LF out to z ' 4 from the UKIDSS Ultra

Deep Survey (UDS; Lawrence et al., 2007), which contributed ∼ 50, 000 galaxies

over 0.7 degrees2 in the redshift range 0.2 < z < 4, representing the most accurate

measurement at the time of the evolution of the near-infrared galaxy LF from high

to low redshift. They found that the evolution was different for galaxies of different

luminosity, with bright galaxies assembling at high redshift and passively evolving

since z < 1 and fainter galaxies forming at lower redshift, in line with downsizing.

These observations give a picture of the Universe where galaxies form with blue

colours initially, and some evolve into early type galaxies, possibly via mergers. Large

galaxies form their stellar mass at high redshift, and then dominate the luminosity

evolution as they passively age while small galaxies continue to form until later times.

Some of the first LFs measured for high redshift galaxies were from rest-frame UV

observations of Lyman break galaxies at z ∼ 3 and z ∼ 4 (Steidel et al., 1996, 1999).

Since then, the numbers of galaxies detected at high redshift have grown, with de-

tections of Lyman break galaxies now numbering over 1000 at z > 6 (Bouwens et al.,

2015; Finkelstein et al., 2015), with some candidates possibly at redshifts as high as

10 (e.g. Bouwens et al., 2011, 2015; Ellis et al., 2013; Oesch et al., 2013). Surveys

undertaken with Wide Field Camera 3 (WFC3) on the HST such as the Hubble Ultra
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Deep Field (HUDF; Beckwith et al., 2006; Ellis et al., 2013; Illingworth et al., 2013)

and the Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey (CAN-

DELS; Grogin et al., 2011; Koekemoer et al., 2011) have provided the extremely deep

imaging needed to find very high redshift galaxies. While these have led to multiple

measurements of the UV LF for fainter galaxies out to z ≤ 8 (Finkelstein et al., 2015;

Lorenzoni et al., 2013; McLure et al., 2009; Wilkins et al., 2011a), the small survey

sizes (CANDELS covers a total area of ∼ 790 arcmin2 while the UDF is a miniscule

∼ 5 arcmin2) makes it difficult to measure the bright end of the LF, leading to the

need to for larger area coverage which has been provided by ground-based surveys

such as the UDS (Lawrence et al., 2007) and the UltraVISTA survey (McCracken

et al., 2012).

With this wedding cake of surveys, the UV LF has been found to decrease in

characteristic magnitude by ∼ 1 mag between z = 3 and z = 8, with the faint-end

slope steepening to α ∼ −2 by z ≥ 7 (Bouwens et al., 2007; Finkelstein et al., 2015;

Lorenzoni et al., 2013; McLure et al., 2013; Schenker et al., 2013). Measurements

of the bright end slope have also found it to be potentially less steep at very high

redshift, steepening from z = 7 to z = 5 (Bowler et al., 2014, 2015), which may be

caused by evolution in the dust properties of high redshift galaxies or the onset of

mass quenching (as described in Peng et al., 2010).

1.5 Thesis Overview

In this thesis I present luminosity functions of galaxies from the nearby universe to

high redshift galaxies at z & 7. In Chapter 2, I present an analysis of imaging of

the GOODS-North field by the HST as part of the CANDELS survey. I describe a

method for selecting Lyman break galaxies at high redshift, and then present can-

didate galaxies at z ≈ 7 and z ≈ 8 − 9. In Chapter 3 I compare high redshift
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Figure 1.11: The number densities of bright (MUV = −21) and faint
(MUV = −19)galaxies at a variety of redshifts. Bright galaxies become more
numerous from z = 8 to z = 4 faster than faint galaxies, after which they
become less common. Bright galaxies also peak earlier than faint galaxies,
at z = 3.1 − 3.2 compared to z = 2.4 − 2.7. Figure taken from Finkelstein
et al. (2015)

45



candidates from the GOODS-North and GOODS-South fields, commenting on the

cosmic variance between the two fields before measuring the combined UV LF for

both GOODS-North and GOODS-South at z ≈ 7 and z ≈ 8 − 9. In Chapter 4,

I present near-IR luminosity function analysis of a catalogue of sources from the 1

degree2 overlap in the Vista Infrared Deep Extragalactic Observations (VIDEO) sur-

vey imaging of part of the XMM3-LSS field and the Canada France Hawaii Legacy

Survey (CFHTLS) Deep 1 (D1) field. I investigate the evolution of the Ks-band lu-

minosity function from z ≈ 0.2 to z ≈ 3, testing the amount of evolution in both

number density and characteristic magnitude. In Chapter 5, I extend this analysis

to the 4.5 degree2 overlap between the VIDEO imaging of the XMM3-LSS field and

the CFHTLS Wide 1 field, presenting Ks-band LFs and their evolution from z ≈ 2 to

z ≈ 1.5. I finish by describing my conclusions and suggesting ideas for future work.

Throughout this thesis, all magnitudes quoted will be in the AB magnitude sys-

tem.
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Chapter 2

Lyman break galaxies at z ≈ 7− 9

from GOODS-North/CANDELS

2.1 Introduction

Over the last fifteen years we have been able to identify star-forming galaxies within

a billion years of the Big Bang at redshifts beyond 6 (Bouwens et al., 2003; Stanway

et al., 2003) through the Lyman break technique (e.g., Steidel et al., 1996). This

technique rests on the fact that as light leaves a galaxy and passes through the

intervening intergalactic medium along the line of sight, Lyman-α absorption occurs

at wavelengths shorter than that of the rest-frame Lyman-α. For distant galaxies,

much of the flux below the wavelength of the rest-frame Lyman-α is damped, resulting

in a very sharp spectral break which can be photometrically selected for. By z ∼ 6 and

beyond, the Lyman-α break has been redshifted out through the red end of the visible

spectrum and into the infrared. Since the Wide Field Camera 3 (WFC3) was added

to the Hubble Space Telescope (HST) in 2009, which extended its capabilities out to

wavelengths of 1600nm, it has been possible to search for populations of galaxies at

still earlier times than z ∼ 6 using data from deep photometric surveys such as the
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HUDF (e.g. Bouwens et al., 2004b). This has led to the build up of large catalogues

of candidate primordial star forming galaxies (Bouwens et al., 2015; Bowler et al.,

2014; Bradley et al., 2012; Bunker et al., 2010; McLeod et al., 2016; McLure et al.,

2010, 2013; Oesch et al., 2013; Schenker et al., 2013) out to very high redshift, with

one probable galaxy at z ≈ 11 (Oesch et al., 2013). This has allowed us to probe

the evolution of these early galaxies through their individual star formation rates and

overall rest-ultraviolet (UV) luminosity function, shedding light on the reionisation

of the Universe and the sources responsible for it.

In this chapter, I examine the northern part of the Great Observatories Origins

Deep Survey (GOODS) field (Dickinson et al., 2003), which was imaged as part

of the Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey, or CAN-

DELS (Grogin et al., 2011; Koekemoer et al., 2011). The original GOODS imaging

combined Spitzer, HST, Chandra, Herschel and XMM-Newton observations as well

as data from several ground-based facilities, including ESO’s Very Large Telescope

(the VLT). The original GOODS HST imaging was performed with the Advanced

Camera for Surveys’ (ACS) optical filters. The CANDELS survey is a multi-cycle

treasury program undertaken with HST, consisting of a ‘Wide’ program which ob-

serves to depths of ∼ 27 AB mag (5σ) and a ‘Deep’ program, which observes to ∼ 28

mag (5σ), and covers a total area of 790 arcmin2. As well as the GOODS fields, it

includes observations of the Extended Groth Strip, or EGS, the UKIDSS Ultra-Deep

Survey, or UDS, and the Cosmological Evolution Survey, or COSMOS. All of the fields

were chosen to minimise any overall cosmic variance through their separation. The

EGS, UDS and COSMOS fields are also purposefully elongated, which also reduces

the effect of cosmic variance (Grogin et al., 2011). The CANDELS observations of

GOODS-North and -South provided imaging taken with the Y JH filters on WFC3.

Most important of these for us is the F105W, or Y , filter, which is crucial for the

clean photometric selection of z ≈ 7− 9 objects as the Lyman break moves through
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it over this redshift range. Of the other CANDELS fields, none of which were imaged

to as great a depth as the GOODS fields (most are ∼ 1 mag shallower in the J-band,

the EGS and COSMOS were not imaged in the Y -band at all, and although the UDS

does have Y -band coverage from HAWK-I (the High Acuity Wide Field K-band Im-

ager, an instrument on the VLT), the resolution and depth are not nearly as good

as was obtained with WFC3 in GOODS (Galametz et al., 2013; Hickey et al., 2010).

This makes them much less suitable for the search for galaxies at very high redshift.

The CANDELS fields form a data set ranging from the very large shallow fields,

such as the EGS, UDS and COSMOS, which comprise ≈ 670 arcmin2 to smaller,

deeper fields such as GOODS, which are ≈120 arcmin2. The GOODS fields also

contain the deepest images taken of the sky, the HUDF in the south and to a lesser

extent, the Hubble Deep Field in the North. These two fields are imaged to ≈ 29.5-30

(5σ in F105W, F125W, F140W and F160W) and ≈ 28 (5σ in F300W, F450W, F606W

and F814W) magnitudes respectively, but only cover ∼ 4 arcmin2 each. Together,

these fields, along with others, provide a huge dynamic range from bright, rare objects

which can be found in the larger, shallower fields to the fainter objects which have

only been seen in the HUDF.

In this Chapter I will first describe the data in Section 2.2 and my method for

selecting high-redshift galaxies in Section 2.3.1 before presenting candidate lists of

galaxies at z ≈ 7 and z ≈ 8 − 9 in the GOODS-North field in Section 2.4. The

selection method is identical to that used in Lorenzoni et al. (2013) to select z ≈ 7

and z ≈ 8 − 9 in the GOODS-South field, the candidate list from which will be

discussed more in Chapter 3.
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2.2 Data

2.2.1 Observations

I used the new WFC3 near-infrared observations of the GOODS-North field taken

as part of the CANDELS programme (P.I.: S. Faber, HST program ID: 12442–

5). CANDELS consists of 902 orbits spread over three large area fields, the UDS,

EGS and COSMOS, as well as the two GOODS fields, which are slightly smaller.

The CANDELS/GOODS observations add (among others) the F105W, F125W and

F160W filters (corresponding approximately to the Y -, J- and H-bands) to the four

ACS images through the F435W, F606W, F775W & F850LP filters (the b-, v-, i′- and

z′-bands) already taken as part of the original GOODS survey (Giavalisco et al., 2004).

The CANDELS observational plan for GOODS-North is largely identical to that of

GOODS-South in exposure time and tiling strategy, and is detailed in Grogin et al.

(2011). The GOODS-North field surrounds the Hubble Deep Field (HDF, Williams

et al., 1996), with central co-ordinates 12:36:54.87 and +62:14:18.86 (J2000). The

ACS images cover 10× 16 arcmin2, and the WFC3 imaging comprises a deep region

of 10×6.8 arcmin2 in the centre (from 5×3 WFC3 pointings), and two 8×4 arcmin2

shallow but wide regions north-east and south-west of this (with 2×4 WFC3 pointings

in each). More information on how the observations were carried out can be found

in Koekemoer et al. (2011) and Grogin et al. (2011).

I used the interim data products that the CANDELS team have made available

from the completed HST visits1. Koekemoer et al. (2011) describes the data reduction

process. The images were reduced using Multidrizzle Koekemoer et al. (2002)

with an output pixel scale of 0.′′06 (twice that of the ACS drizzled data products

from the GOODS team), from an original scale of 0.′′13 for the IR arm of WFC3.

A pixfrac of 0.8 was used. In the Y -band, the interim products cover the whole
1The data products from the CANDELS team are on candels.ucolick.org/data_access/GOODS-

N.html
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GOODS-N

CANDELS Wide
CANDELS Deep

GOODS F435W

Figure 2.1: Simplified layout of the observations GOODS-North field. The
WFC3 imaging of the ‘Wide’ and ‘Deep’ sections of the field are shown
in green and blue respectively, while the white dashed outline shows the
footprint of the ACS imaging. Figure taken from Grogin et al. (2011).
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Table 2.1: The total exposure time (in ksec) is listed for each WFC3
filter used in this study for both the South and North GOODS ‘Wide’ and
‘Deep’ fields, along with the ACS b-band, v-band, i′-band and z′-band. In
parenthesis, the average depth for each filter over the area listed is shown.
These are 5σ limits calculated in apertures of 0.′′6 diameter, corrected as
described in the text for aperture loss and reddening.

ACS/WFC3 exposure times in ksec (5σ Depth in AB mag)

Field ID GOODS-N DEEP GOODS-S DEEP GOODS-N WIDE GOODS-S WIDE

b-band 7.2 (27.5) 7.2 (27.6) 7.2 (27.5) 7.2 (27.6)

v-band 5.7 (27.7) 5.5 (27.8) 5.7 (27.7) 5.5 (27.8)

i′-band 8.5 (27.1) 7.0 (27.3) 8.5 (27.1) 7.0 (27.3)

z′-band 24.7 (26.9) 18.2 (27.3) 24.7 (26.9) 18.2 (27.3)

Y -band 8.9 (27.1) 8.1 (27.8) 2.7 (26.6) 2.7 (26.8)

J-band 10.6 (27.4) 7.4 (27.3) 1.9 (26.7) 2.1 (26.9)

H-band 11.2 (27.2) 7.7 (27.2) 2.8 (26.6) 2.1 (26.6)

Area (arcmin2) 63 63 32 33

field, and were observed over four epochs - two in the ‘Wide’ region and two in the

‘Deep’. Both regions were split into two sections to be observed to full depth in one

go in one epoch each. In the J- and H-band, the interim images cover all of the field

with observations built up over 8 epochs. I combined the multiple epochs using IRAF

imcombine, weighting by the exposure time at each spatial location to produce an

output mosaic in each band with pixel rejection using the ccdclip algorithm. I then

block-averaged the original GOODS ACS images in the b-, v-, i′- and z′-bands on a

2×2 scale to give them the same output pixel scale as the WFC3 images (converting

from 0.′′03 per pixel to 0.′′06), with checks to ensure astrometric accuracy.

2.2.2 Construction of Catalogues

I use the Lyman break technique to identify candidate distant galaxies on the basis of

a large flux decrement at wavelengths shorter than the rest-frame Lyman-α (1216Å),
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caused by the large optical depth of the intervening Lyman-α forest absorption. At

z ≈ 7, the Y -band filter lies just above this break, and the z′-band straddles the

break, so the z′−Y colour for these galaxies will be large (very red). The other ACS

filters lie below, and in particular the b- and v-bands are short-wards of the rest-frame

Lyman limit at 912Å, and so no flux should be detected from z > 7 objects in these

filters. At z ≈ 8 − 9, the J-band filter lies at a longer wavelength than Lyman-α,

and the Y -band lies below, so a red Y − J colour is a signature of galaxies at these

redshifts. Figure 2.3 shows an example SED of a z ≈ 8 galaxy with a spectral break

lying between the Y - and J-bands.

The source catalogues were constructed using version 2.5.0 of the SExtractor pho-

tometry package (Bertin & Arnouts, 1996). I ran SExtractor in dual-image mode

using the appropriate weight maps (derived from the maps of exposure time), so

that it identified sources and laid down apertures in a filter uncontaminated by the

Lyman-α break and then applied those apertures to measure the flux in the other

filters. I set the threshold for object identification to be five connected pixels which

were more than twice the pixel-to-pixel rms. For candidate z ≈ 7 galaxies I selected

in the J-band image while for z ≈ 8 − 9 candidates I selected in the H-band (both

corresponding to about 1500Å in the rest-frame and uncontaminated by the Lyman-α

break).

I measured the fluxes of objects in a range of apertures (0.′′3, 0.′′39, 0.′′48, 0.′′6

and 0.′′84), and based the near-infrared WFC3 photometry on the flux within a 0.′′6-

diameter aperture, corrected for flux falling outside using an aperture correction. This

aperture correction was 0.2mag in the Y -band and 0.25mag for the J- and H-band,

and this was determined through aperture photometry of bright but unsaturated

stars in the field. High-redshift galaxies seem typically compact (Bunker et al., 2004;

Oesch et al., 2010; Ono et al., 2013)), and so should have similar aperture corrections

to point sources. To further quantify this, I measure the full-width half maximum
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(FWHM) of each dropout candidate from SExtractor, and deconvolve this with the

point spread function, or PSF, (subtracting in quadrature the FWHM determined for

point sources, which was 3.2 resampled pixels in J-band, or 0.′′02). For the drop-outs,

the typical deconvolved half-light radius was about 0.5 kpc (see Table 2.2), consistent

with the work of Ono et al. (2013) and Curtis-Lake et al. (2016) at an absolute

magnitude of about MUV = −20 appropriate for the GOODS-North survey. If I were

to adopt an aperture correction for a marginally extended source of this size then

the corrected near-infrared magnitudes would be 0.1mag brighter than if these were

point sources. However, I use the point source corrections to the aperture magnitudes

since the individual sizes and total fluxes of these faint galaxies are uncertain. The

colours are essentially unaffected at the 0.01mag level adopting the point-source or

extended-source aperture correction.

For the ACS z′-band I used an identically-sized 0.′′6-diameter aperture, with an

aperture correction of 0.1mag, while the b-, v- and i′-band photometry was done in

0.′′3-diameter apertures. The smaller aperture was used to enhance the point-source

sensitivity at shorter wavelengths where the resolution is better. I have also corrected

for the foreground Galactic extinction using the COBE/DIRBE & IRAS/ISSA dust

maps of Schlegel et al. (1998). The optical reddening is E(B−V ) = 0.01, equivalent to

extinctions of AF850LP = 0.015, AF105W = 0.010, AF125W = 0.008 & AF160W = 0.005.

As the pixel-to-pixel noise in drizzled images is highly correlated, the noise values

measured by SExtractor are reduced compared to the true noise. I determined the

true noise by placing a large number of 0.′′6-diameter apertures on the reduced images,

avoiding regions occupied by sources with the use of the SExtractor segmentation

maps. The standard deviation in the counts measured per aperture gives us the

noise in the aperture photometry, including the correlations introduced by drizzling.

The corresponding 5σ detection limits (corrected for aperture losses) are listed in

Table 2.1, along with the exposure times for each filter.
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2.3 Candidate Selection

As described in Section 2.2.2, I use the Lyman break technique to colour-select high-

redshift galaxies. A flux decrement, defined as 1−fz/fY (or 1−fY /fJ), of 0.6 between

the z′- and Y -bands gives us a redshift window of 6.5 < z < 8.0 as the spectral break

moves red-wards through the bands, while a decrement of 0.56 between the Y - and

J-bands gives a range of 7.6 < z < 9.8. This can be seen in Figure 2.2. The selection

efficiency is much reduced near the edges of the ranges. At the low redshift end, this

is due to photometric scatter as well as the non-uniform transmission of the filters.

At the high redshift end, this is due to the fact that fewer candidates are bright

enough to be above the sensitivity limits. As the spectral break moves through the

Y - (for z ≈ 7) or J-band (for z ≈ 8− 9), a galaxy with fixed luminosity will appear

increasingly faint as the break nears the edge of the filter, making it less likely that

a galaxy of fixed luminosity at the higher redshift end of the selection function will

appear brighter than my detection limit.

Although I do use a photometric redshift fitting code to simulate intermediate red-

shift contaminants in Section 2.3.2, I use the Lyman break colour selection technique

to select the sample of high redshift galaxies following the method of Lorenzoni et al.

(2013) to enable us to compare the candidates presented here with the GOODS-South

candidates presented in Lorenzoni et al. (2013) to study the cosmic variance between

the two fields, as well as combining the samples to produce luminosity functions in

Chapter 3.

2.3.1 Selection Criteria

I have used the same sets of selection criteria as Lorenzoni et al. (2013) to ensure the

same selection volume. These are shown in Figure 2.4. This consists of two sets of

cuts; one set from Wilkins et al. (2011a) and Lorenzoni et al. (2011) for z′-drops and
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Figure 2.2: (a): Fractional recoverability of z′-drops (peaking on the left
between 6.5 and 7) and Y -drops (peaking on the right between 7.5 and
8.5) above the detection limit due to the imposition of the colour cuts at
depths of JAB = 25.5, 26.5 and 27.5 for the z′-drops and HAB = 25.5, 26.5
and 27.5 for the Y -drops (solid, dotted and dashed lines respectively). The
fainter the apparent magnitude, the more the photometric scatter smears
the edges of the function.
(b) Scaled differential number counts of z′-drops (peaking on the left

between 6.5 and 7) and Y -drops (peaking on the right between 7.5 and
8.5) plotted for JAB = 25.5, 26.5 and 27.5 for the z′-drops and HAB = 25.5,
26.5 and 27.5 for the Y -drops (solid, dotted and dashed lines respectively)
and scaled by 1, 20 and 100 respectively for comparison of the shape.
The fainter the apparent magnitude, the more the shape of the selection
function is spread out.
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Fi 1 l d l (f h i h l )Fi 1 T l d l (f th 99 L ith t l 1999)
Figure 2.3: Top panel: model (from the STARBURST99; Leitherer et al.,
1999) SED of redshifted z = 7 star-forming galaxy. Middle panel: potential
contaminants; observed SED of a low-mass dwarf star (class: T4.5, Knapp
et al., 2004) together with the model (STARBURST99) SED of a 3.5-Gyr
single-aged stellar population at z = 1.8. The bottom two panels show the
transmission functions of the ACS and WFC3 filters available. Figure and
caption adapted from Wilkins et al. (2011a).
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Y -drops respectively, which are the blue selection areas (candidates are marked with

a circle) and one set laid out in Bouwens et al. (2011), which are shown in pink (the

candidates are marked with a point). The Bouwens et al. (2011) cuts are slightly

less conservative than the Wilkins et al. (2011a) and Lorenzoni et al. (2011) cuts

and so they give higher number counts and consequently better statistics, though the

candidate list may be less robust.

There are potentially other objects besides high-redshift galaxies which could give

colours that comply with cuts in z′ − Y or Y − J , as can be seen in Figure 2.3.

Most of the contaminants are either very red intermediate redshift galaxies or LTY

dwarf stars. To identify them I use filters above the Lyman break to impose a second

colour cut, which will select objects that have blue colours above the break. This

returns objects which are consistent with high redshift star-forming galaxies rather

than intrinsically red foreground objects.

As well as being illustrated in Figure 2.4, the colour-cuts are outlined below. The

cuts used for the z′-drops at z ≈ 7 (Wilkins et al., 2011a, W11 hereafter) are:

(z850LP − Y105W ) > 1.0

(z850LP − Y105W ) > 2.4× (Y105W − J125W ) + 0.9

(Y105W − J125W ) < 1.0

and for the Y -drops at z ≈ 8− 9 ( Lorenzoni et al., 2011, L11 hereafter) are:

(Y105W − J125W ) > 0.9

(Y105W − J125W ) > 0.73× (J125W −H160W ) + 0.9

(J125W −H160W ) < 1.5
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Figure 2.4: Top: the YF105W−JF125W and zF850LP−YF105W colour-colour plane.
The black points are the z ≈ 7 z-drop candidates from GOODS-North
field while the grey points are the equivalent candidates from GOODS-
South presented in Lorenzoni et al. (2011). Those in the W11 cut are
circled in black or grey. The two coloured areas represent the colour-
colour selections, with the B11z cut in pink and the W11 cut in pink.
Bottom: the JF125W−HF160W and YF105W−JF125W colour-colour plane. The

colour schemes are the same as above, with L11 instead of W11.
In both plots, stellar contaminants in the form of simulated colours for

L/T dwarfs (taken from Wilkins et al. (2014)) are shown as yellow, red and
brown circles and the grey cloud shows the SExtractor catalogue objects
which do not obey my colour cuts (i.e., lower redshift objects).
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The Bouwens et al. (2011) cuts for z ≈ 7 z′-drops (B11z hereafter) are:

(z850LP − Y105W ) > 0.7

(z850LP − Y105W ) > 1.4× (Y105W − J125W ) + 0.42

(Y105W − J125W ) < 0.45

and z ≈ 8− 9 Y -drops (B11y hereafter) are

(Y105W − J125W ) > 0.45

(J125W −H160W ) < 0.5

The candidates that I present in Table 2.2 and Table 2.3 have been selected to

obey either of the above colour cuts, as can be seen in Figure 2.4. I have added the

condition that they have at least a 5σ detection in a band above the break. For the

z ≈ 7 z′-drops, this is in the J-band, in which the catalogues are selected, and for the

z ≈ 8 − 9 Y -drops this is in the H-band. Additionally, the z′-drops are required to

have at least a 4σ detection in the H-band. To minimize possible contamination from

intrinsically red objects at lower redshift, I applied a non-detection criterion in each

of the optical wavebands (b-, v- and i′-band) at the 2σ level within the 0.′′3 aperture.

This helps to rule out lower redshift objects, as objects at z > 6 have lost too much

of their flux below the spectral break to be seen in these bands due to absorption by

the intervening intergalactic medium. The candidate list was also visually inspected

to remove objects with artefacts such as diffraction spikes.
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2.3.2 Contamination

I attempt to quantify the level of contamination in the GOODS-North candidate list

by looking at a very much deeper set of images, namely the XDF (Hubble eXtreme

Deep Field, Illingworth et al., 2013), which goes down to ≈ 30 mag at 5σ across

all filters. First, 10 sets of images were created that had been artificially degraded

to the depth of the GOODS-North field. Pure 2D noise frames were created using

IRAF.artdata with 10 different random seeds and then added to the XDF images to

mimic the GOODS-North data. I created 10 catalogues and subsequent candidate lists

according to my GOODS-North selection criteria from these noisier data sets (this

was done for the B11z/B11y and the W11/L11 criteria). This included a step where

the candidates were visually checked so that artefacts could be removed, as was done

for the GOODS-North candidates, which limited the number of catalogues that could

be simulated. These were compared to two candidate lists with photometry measured

from the deeper XDF frames; the first was built from catalogues which were trained

in the deeper XDF images, while the second was from catalogues which were trained

in the degraded images. Both candidate lists also obeyed my GOODS-North selection

criteria and were truncated to objects brighter than the same limiting magnitudes of

JAB = 27.4 (for the z-drops) or HAB = 27.2 (for the Y -drops), corresponding to 5σ

in the ‘Deep’ section of GOODS-North. By comparing the shallower candidates with

their deep counterparts, I could estimate how many of them were genuine high redshift

galaxies and how many were contaminants. I found a contamination rate of ∼ 22 per

cent for a data set at the depth of GOODS-North across the four candidate lists (this

does not count i′-drops at z ≈ 6 as contaminants as they are candidate high redshift

galaxies picked up due to the spreading of the redshift selection function at lower

sensitivities (see Figure 2.2), and are well accounted for in later calculations). This

translates to surface density of 0.06 arcmin−2 down to a magnitude of JAB = 27.4,

or a total of four contaminants in the GOODS-North B11z z′-drop candidate list,
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and surface density of 0.02 arcmin−2 down to a magnitude of HAB = 27.2, or one

contaminant in the B11y Y -drop list.

As well as measuring the contamination of my sample by looking at real candidate

galaxies in the XDF, I have also investigated a simulated mix of z ≈ 6−9 star forming

galaxies and z ≈ 1− 3 red interlopers. The colours of the galaxies at these redshifts

were produced using the photometric redshift code LePhare2 (Arnouts et al., 1999;

Ilbert et al., 2006). This is done using galaxy templates from Arnouts et al. (2007),

which are based on the four observed spectra in Coleman et al. (1980) of an ellipti-

cal, two spirals and an irregular galaxy along with two observed starburst templates

from Kinney et al. (1996). Each of these has been extrapolated to IR and UV wave-

lengths using the GISSEL synthetic models (Bruzual & Charlot, 2003). With the

addition of the HST filter information and the Madau (1995) method of accounting

for intergalactic neutral hydrogen, LePhare outputs theoretical observed magnitudes

for these templates over a range of redshifts. I then inserted a population of simulated

galaxies into the GOODS-North images. These galaxies were gaussian light profiles

with a range of widths representing the range of widths in my candidate lists, with

the theoretical colours predicted from LePhare, and were placed according to lumi-

nosity functions at z ≈ 2 from Ilbert et al. (2005) and at z ≈ 7 from McLure et al.

(2013), who use a photometric method to select high redshift candidates. Finally, I

ran these simulated galaxies through the catalogue construction and candidate selec-

tion procedures, leaving us with a theoretical candidate list of ≈ 20 objects with a

contamination rate of ∼ 20 per cent. This method supports the previous technique,

leading us to apply a ∼ 22 per cent correction to account for contaminants. It should

be noted that this contamination rate does not account for interlopers that are out-

side, but near the selection region, and so could be photometrically scattered inside.

While scattering of 2 or 3σ may be rare, the relatively small population size of high
2The LePhare code is publicly available at http://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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redshift galaxies when compared with lower redshift red galaxies makes this a source

of contamination that is potentially non-negligible (see Mortlock et al. 2012 for a

discussion of this problem when searching for high redshift quasars).

The stellar contamination is expected to be low, due to the low surface densities

of cool dwarf stars on the sky at such high Galactic latitudes. I have estimated a

lower limit on the surface density following Wilkins et al. (2014), as follows. Us-

ing Kirkpatrick et al. (2012), who find 33 LTY dwarfs within 8 pc of the Sun, we can

assume a space density of & 0.015 pc3. As T-dwarfs have absolute H-band magni-

tudes MH ≈ 15− 20 and Y-dwarfs have MH > 20, we can estimate a surface density

of 5.2 deg−2, from 2× 105 sources out to a radius of 0.15 kpc that are brighter than

HAB = 27.2. For the area of the GOODS-North survey, this translates to 0.09 stellar

contaminants in total. While the catalogue of local dwarfs may not be representative

of all sightlines, the high Galactic latitude of the GOOD-North field does mean that

it should be freer of Galactic contamination than most sightlines. Although this is

a lower limit due to the incompleteness of the sample of local LTY dwarfs used, the

actual number is not expected to be much increased beyond this, partially due to the

high Galactic latitude of the field, and so the real number of contaminants is likely

to be close to 0.09. Therefore, stellar contamination has a negligible effect on the

sample.

2.4 Lyman break Galaxies at z ≈ 7− 9

I have employed the Lyman break technique to identify 22 z′-drops (Table 2.2) and

6 Y -drops (Table 2.3). I present these candidate galaxies here, and defer discussion

of their number statistics and luminosity functions at z ≈ 7 and z ≈ 8 − 9 until

Chapter 3.
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z′-band drop-outs at z ≈ 7

Thumbnails of the 22 z′-drops that I selected using the B11z colour cut are shown

in Figure 2.5 as well as their photometry in Table 2.2. Table 2.2 also lists the half-

light radius of each candidate as calculated by SExtractor and deconvolved with the

instrument point-spread function, as described in Section 2.2.2. Of the 22 candidates,

14 candidates were also found by the W11 cut. These are marked with a superscript

in Table 2.2.

Firstly, there is a 60 per cent overlap between the candidate list in the ‘Deep’

section of the field presented here and that analysed in Bouwens et al. (2014). Other

than this, four of the candidates have previously been identified as potential high

redshift sources. GN.D-zD2 was previously noted in Thompson (2003) in F160W (H-

band) HST/NICMOS imaging (#1596 in the Thompson 2003 catalogue, who ascribes

a photometric redshift of zphot = 6.16). Given the z′ − Y colour, the redshift from

the WFC3 imaging is more likely to be z ≈ 6.8. GN.D-zD3 appears in the catalogue

of Bouwens et al. (2006) from the original ACS imaging of the HDF, detected in the

z′-band but undetected in i′ with i′ − z′ > 1.6. GN.W-zD1 is also in the catalogue

of Bouwens et al. (2006), where it was also detected in the z′-band but undetected

in i′ with i′ − z′ > 1.6, as well as in the i′-drop catalogue of Dickinson et al. (2004)

as NiD050. It was observed to have a narrow-band excess emission (Hu et al., 2010)

through the NB912 filter with SuprimeCam on Subaru, consistent with Lyman-α

emission at z = 6.5, and has since been spectroscopically confirmed with both HST

grism spectrocopy from PEARS (Probing Evolution And Reionization Spectroscop-

ically Pirzkal et al. 2013; Straughn et al. 2009) and Keck/DEIMOS spectroscopy,

confirming it has a redshift of z = 6.573 (Rhoads et al., 2013). Finally, another of the

candidates in the ‘Wide’ section of the field, GN.W-zD2, has been spectroscopically

confirmed by Ono et al. (2012) as having z=7.213, and Stark et al. (2015) find a

tentative detection of CIII] emission with Keck/MOSFIRE spectroscopy.
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Figure 2.5: 3 × 3 arcsec2 thumbnails of the candidate z ≈ 7 star-forming
galaxies from the vi′z′Y JH-band images. These candidates were selected
because they obeyed the B11z colour cuts (they should be easily visible in
the Y JH-bands, but drop out of detection in the z′-band and below) along
with the other criteria set out in Section 2.3.1. The first four are in the
‘Wide’ section of the field, while the remainder are in the ‘Deep’ section.
The greyscale is inverted, with a stretch of −2σ white to +2σ black per
0.′′06 pixel.
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It is also worth noting that GN.D-zD9 is listed in the catalogue of Conselice et al.

(2011) (as GNS 2022), who search for massive galaxies between 1.7 < z < 3. However,

they only have a single-band detection in the NICMOS H-band along with optical

non-detections and find an extremely uncertain photometric redshift of z ≈ 6.5, and

do not list it as a potential high mass galaxy at intermediate redshift. Due to this,

and the fact that it is well within my colour cuts, I regard it as no less reliable than

any of my other candidates and include it in further analysis.

There were two very luminous objects presented by Hathi et al. (2012) as candidate

galaxies at z & 6.5. While these objects do appear in my catalogue (they are located

in the southern ‘Wide’ flanking area), they do not fulfil my selection criteria and so do

not appear in this candidate list. The brighter object is just outside my colour cuts (it

appears to the right of the W11 selection area in Figure 2.4, with z′−Y = 2.38±0.02

and Y − J = 0.89± 0.14), and the dimmer object has optical detections. Given that

both of the objects are well detected in the z-band (and in one case, the i′-band),

these are likely to be just below the lower end of my redshift selection function.

In Table 2.2 I have quoted values for the UV slope parameter β, which has been

calculated according to the method in Wilkins et al. (2011b). This technique probes

the rest-frame UV continuum of the candidate galaxies using the J−H colour, which

combines the only two bands unpolluted by the Lyman-α break at z ≈ 7. If one

assumes that the UV slope can be described by a perfect power law (fλ ∝ λβ), then

β, the UV slope parameter, can be found using an unpolluted colour above the break,

such as J −H. Following Wilkins et al. (2011b), β = 4.28 × (J −H) − 2.0 and the

errors on each value of β are found by adding the J- and H-band errors in quadrature.

I find an average β = −1.70 ± 1.15, which is consistent with other determinations

in the literature and representative of the spread of values measured (e.g. Bouwens

et al., 2009, 2012, 2014; Castellano et al., 2012; Dunlop et al., 2013; Finkelstein et al.,

2012; Stanway et al., 2005; Wilkins et al., 2011a). It is also consistent with the value
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of β = −2 which is used for the UV luminosity function calculations in Chapter 3.
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Figure 2.6: 3× 3 arcsec2 thumbnails of the candidate z ≈ 8− 9 star-forming
galaxies from the vi′z′Y JH-band images. These candidates were selected
because they obeyed the B11y colour cuts (as with Figure 2.5, but drop-
ping out of detection in the Y -band) along with the other criteria set out
in Section 2.3.1. The greyscale is the same as Figure 2.5.

Y -band drop-outs at z ≈ 8− 9

As well as finding 22 z′-drops, I found 6 Y -drops using the B11y colour cut. Thumb-

nails of these 6 objects are shown in Figure 2.6, along with their photometry in

Table 2.3. Only one of these possible galaxies also satisfies the L11 cut. All of these

candidates appeared in the ‘Deep’ sections of the field. Similarly to the z-drops, there

is a 67 per cent overlap with Bouwens et al. (2014).

I also quote the half-light radius of each candidate for the Y -drops, again as

calculated by SExtractor and deconvolved with the instrument point-spread function.

I do not quote the β parameter, as there are not enough bands unpolluted by the

Lyman-α to reliably calculate it.

2.5 Conclusions

I have analysed HST/WFC3 and ACS imaging of the CANDELS/GOODS-North

field, producing a catalogue of objects from which I could select candidate high
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redshift galaxies. I have done this using the Lyman break technique, relying on

colour-cuts which isolate relatively uncontaminated regions of colour space to build a

reasonably robust list of potential galaxies. I have estimated both the contamination

of this candidate list using a combination of putting simulated low redshift galaxies

through my selection process and simulating the survey using deeper images to test

the fraction of expected interlopers, as well as estimating the stellar contamination

fraction from the expected surface density of dwarf stars in the GOODS-North field.

I have presented a list of candidate Lyman break galaxies at z ≈ 7 and z ≈ 8− 9

revealed by HST/WFC3 imaging of the CANDELS/GOODS-North field. I identify

22 z′-drops (at z ≈ 7) and 6 Y -drops (at z ≈ 8 − 9) with magnitudes brighter than

an AB magnitude of ≈ 27.5 – this new sample comprises relatively bright sources

amenable to follow-up spectroscopy from the Northern Hemisphere.
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Chapter 3

Constraining Cosmic Variance and

the UV Luminosity Function at

z ≈ 7− 9 in GOODS/CANDELS

3.1 Introduction

Using the candidate list of high redshift galaxies obtained in Chapter 2, it is possible

to start building diagnostics of the state of the Universe at z ≈ 7− 9. In particular,

here I discuss the Schechter parameterisation (Schechter, 1976) of the rest-frame UV

LF, which allows us to quantify the balance in the volume densities of bright galaxies

with faint galaxies, giving insight into the processes which shape this distribution.

By investigating the changes to the LF with redshift,we can also draw conclusions

about the evolutionary processes shaping the development of high redshift galaxies.

An important aspect of the CANDELS/GOODS data is the similarity between

the North and South fields. The fields were selected to have approximately the same

Galactic extinction and lie at similar Galactic latitudes, so should have reasonably

comparable foregrounds. They have equivalent areas and were observed to similar
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depths, making them ideal for comparison. I shall use the fact that these two fields

provide two separate, but equivalent, lines of sight to discuss the variation in number

counts which is predicted due to the large-scale structure of the Universe (i.e., the

clustering of galaxies), otherwise known as cosmic variance. The GOODS-South field

for z ≈ 7− 9 has already been analysed in Lorenzoni et al. (2013) and in this chapter

I carry out a similar analysis on the GOODS-North field and compare the two.

In this Chapter I discuss the cosmic variance between the GOODS-North candi-

date list presented in Chapter 2 and the one presented for GOODS-South by Lorenzoni

et al. (2013) (Section 3.2) and then derive the UV luminosity function at z ≈ 7 and

z ≈ 8− 9 from this sample in Section 3.3. I present my conclusions in Section 3.4.

3.2 Cosmic variance between GOODS-North and

GOODS-South

The similarities in observing strategy, field layout and Galactic foreground make the

CANDELS/GOODS fields ideal for exploring the effect of cosmic variance on deep,

small-field surveys. I now compare the number counts of high-redshift Lyman break

galaxies in the two GOODS fields (North and South) to assess the level of cosmic

variance. I re-iterate that the selection used here in GOODS-North uses the same

criteria over the same depth and area as the analysis of GOODS-South (Lorenzoni

et al., 2013). I have compared only the ‘Deep’ sections of the fields, as the num-

ber counts in both the North and South ‘Wide’ sections are too low to make any

meaningful comments.

First, I show the histograms of number counts in bins of apparent magnitudes

for the z′-drops (Figure 3.1) and Y -drops (Figure 3.2). As can be seen, the number

counts in the two fields agree within the Poisson errors in each 0.5mag bin. A K-S

test gives a >99 per cent confidence that both z′-drop samples are drawn from the
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same parent population (i.e. the same luminosity function). For the Y -drops, the

small number statistics render the K-S test less meaningful, but the two fields are

consistent with both having 6 candidates in each. Looking at the B11z selection

window (which includes all of the candidates), I have 18 z′-drops in the North and 17

in the South - a difference of five per cent, which is within the Poisson noise of 33 per

cent on the ratio (i.e. combining the fractional errors on the number counts in the

two fields in quadrature). Splitting these in brightness into two bins, I have a field-

to-field variation of 12 percent at J < 26.9 and 22 per cent at J > 26.9. Again, these

are within the Poisson noise expectations of 47 per cent for these two bins. Hence,

the variation on the number counts in the fields appear entirely consistent with the

small number count statistics, and any cosmic variance must be small in comparison.

Similarly, for the W11z selection window I find 12 z′-drops in the North and 10 in

the South. This gives a field-to-field variation of 17 per cent, which is again within

the Poisson noise of 39 per cent.

I compare my findings with theoretical predictions of cosmic variance. FromMuñoz

et al. (2010), the expected cosmic variance at z = 6 − 8 and JAB < 27 (a good ap-

proximation to my z′-drop sample) should be 20 per cent, for the ‘Deep’ survey area

of 63 arcmin2 per field (i.e. using θ = 8arcmin on a side in figure 1 of Muñoz et al.,

2010). A similar number of 18 per cent is obtained from Somerville et al. (2004) for

the cosmic variance at z ≈ 6 (the highest redshift addressed in their paper), using

the z′-drop comoving survey volume of ≈ 105 Mpc3 and φ∗ ≈ 10−3 Mpc−3 (see Sec-

tion 3.3). Further to this, the prescription laid out in Moster et al. (2011) predicts a

cosmic variance of 18 per cent at most, depending on the redshift bin width used. I

have also used the online Cosmic Variance Calculator from Trenti 1 based on Trenti

& Stiavelli (2008). Using a typical incompleteness factor of three to account for all

of the photometric scatter and sensitivity effects (see Figure 3.7(a)), a redshift bin
1The Cosmic Variance Calculator can be found at http://casa.colorado.edu/~trenti/CosmicVariance.html
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width of ∆z ≈ 1 and adding in my galaxy sample and the correct survey geometry

(6.′8 × 10′) with a Sheth-Tormen bias (Sheth & Tormen, 1999), I obtain a slightly

higher value for the cosmic variance of 26 per cent.

Hence, it seems that the predicted cosmic variance of 26 per cent or less is entirely

consistent with my observations, and is less than or comparable to the Poisson noise

on the number counts. However, from figure 1 of Muñoz et al. (2010) it can be seen

that they would expect cosmic variance to be the dominant effect. To obtain their

predicted Poisson noise for my survey statistics I would need a sample of 200 galaxies,

which is ten times the size of the GOODS-North candidate list. This disparity in

number counts may be due to a combination of the broader redshift range that they

employ and the fact that they use a top hat selection function in redshift, producing

an unrealistically complete sample. This can be seen by looking at Figure 2.2, which

shows my redshift selection functions.

It is also worth mentioning survey geometry here. Long, thin fields can reduce the

effects of cosmic variance as any two galaxies are further apart on average, reducing

the chance of any correlation (Newman & Davis, 2002). This effect was taken into

account when designing the CANDELS survey (Grogin et al., 2011) and had a large

effect on the layout of the shallower fields, such as the EGS. However, for the GOODS

‘Deep’ fields the axial ratio is 0.8, which will not have much of an effect on the cosmic

variance, but which has been taken into account for the calculations using Somerville

et al. (2004), Moster et al. (2011) and the online Cosmic Variance Calculator (Trenti

& Stiavelli, 2008).

To better distinguish between the two effects of variance on number counts and

intrinsic structural variance, higher number counts of galaxies are needed. As larger

survey areas will average out the effects of cosmic variance and small surveys will be

dominated by Poisson noise, it is extra depth which will provide a clearer view by

maximising the difference between the predicted effects of Poisson noise and cosmic
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variance. More sightlines are also needed to improve the measurement itself. To this

end, the HST Frontier Fields may be useful as they provide multiple sightlines of sim-

ilar depth to the HUDF. The extra depth over CANDELS (ACS and WFC3 imaging

of the Frontier Fields is reaching depths of ≈ 29 AB magnitudes at 5σ; Koekemoer

et al. 2014; Lotz et al. 2014) would help to further constrain the effect of cosmic

variance on sample populations of galaxies at these early times. Each of these 6 fields

should yield approximately 25 z′-drops, and according to Muñoz et al. (2010) an

HUDF-sized field should have cosmic variance of 20 per cent for z′-drops down to 29

magnitude. Therefore with 6 independent sightlines, the difference between a 20 per

cent total deviation due to purely Poisson shot noise and a 30 per cent deviation from

a combination of Poisson noise and cosmic variance should just be measurable and

so enable a test of the theoretical predictions of the amount of structure. Bouwens

et al. (2014) discuss this, and they find that while the field-to-field variation in the

HST Frontier Fields is . 20 per cent at z ∼ 4, z ∼ 5 and z ∼ 6, it is nearly 50 per

cent at z ∼ 7.

3.3 UV Luminosity Function at z ≈ 7 and z ≈ 8− 9

I use the surface densities of the drop-outs to constrain the rest-frame UV luminosity

function at high redshift, as in Lorenzoni et al. (2011, 2013) and Wilkins et al. (2011a).

I focus on z ≈ 7 due to the higher number counts of candidates in this range, but

I also present a determination of the z ≈ 8 − 9 luminosity function. Because I have

shown that the Poisson noise on the small number statistics dominates over any

observed cosmic variance between the two CANDELS/GOODS fields (Section 3.2),

I combine and bin in apparent magnitude the samples from both fields to constrain

the bright end of the luminosity function. For extra dynamic range, I have added in

the candidates from the XDF (Hubble eXtreme Deep Field, Illingworth et al., 2013)
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Figure 3.1: Number counts of z ≈ 7 candidates in half-magnitude bins,
with 1σ error bars. The blue bars (left) are from GOODS-North, and the
green bars (right) are from GOODS-South, while the lighter, hatched bars
show the W11z candidates and the darker, unhatched bars show the B11z
candidates. The number counts agree to within one error bar.
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Figure 3.2: As for Figure 3.1, but using Y -drop candidates at z ≈ 8 − 9,
and with the lighter hatched bars showing the L11y candidates and the
darker unhatched bars showing the B11y candidates.
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which will be reported in Lorenzoni et al. (in prep) for the z′-drops with JAB > 27.5

and for the Y -drops with HAB > 27.5. They use identical colour cuts to those I apply

in this work. I expect galaxies at these faint magnitudes to be less susceptible to

cosmic variance, as they are not strong tracers of structure.

3.3.1 The Maximum Likelihood method

I use a Maximum Likelihood method based on that of Sandage et al. (1979) to de-

termine the luminosity functions of z ≈ 7 − 9 Lyman break galaxies. This is done

by creating a family of luminosity functions parameterized by the Schechter func-

tion (Schechter, 1976), with a range of −22.1 < M∗
1600 < −18.4 and −1 < α < −3,

where M∗
1600 is the characteristic UV magnitude at 1600Å (corresponding to the J-

band for z′-drops and the H-band for Y -drops). After constructing a population of

simulated galaxies for each trial luminosity function, the effects of the GOODS-North

survey are simulated to produce theoretical surface densities as a function of apparent

magnitude. The Maximum Likelihood method is used to estimate which of the grid

of models fits the data best, and so determine the most likely values of the Schechter

parameters (φ∗, the characteristic volume density of galaxies and the normalisation

of the Schechter function, M∗
1600, the absolute magnitude at 1600Å of a galaxy at

the normalisation point, and α, the exponent of the faint-end slope of the Schechter

function). This method works by maximising the logarithm of the likelihood function

L.

If a model luminosity function predicts an expected number of galaxies λ in the

ith magnitude bin, the probability pi of observing n galaxies is given by:

pi = λne−λ

n! . (3.1)

The likelihood function is then the product of the probabilities for each of the i
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magnitude bins:

L =
∏
i

pi. (3.2)

3.3.2 Model luminosity functions

As in Lorenzoni et al. (2013), a model galaxy spectrum is used, with a power-law

UV slope and a large Lyman-α forest decrement of DA = 0.999, appropriate for the

Gunn-Peterson era. The model spectrum has a spectral slope of β = −2, where

fλ ∝ λβ, which is flat in fν and agrees with the average measured slope for the high-

redshift populations (e.g. Dunlop et al., 2012, 2013; Stanway et al., 2005; Wilkins

et al., 2011b). No intrinsic scatter in β is added, as the size of the intrinsic scatter is

sufficiently small that it is not the dominant source of error.

I consider small redshift slices (∆z = 0.05) spanning the range of redshifts cov-

ered by the Lyman break technique. For each of these, the volume of the slice and

the absolute magnitude in the rest-frame UV corresponding to my limiting appar-

ent magnitude in the filter above the break is computed. I then consider whether my

colour-colour selections (Section 2.3.1) would pick out galaxies at this redshift by fold-

ing the redshifted model galaxy spectrum through the HST filter response curves. I

consider apparent magnitude intervals of ∆m = 0.05 down to my limiting magnitude,

and, by integrating the Schechter UV luminosity function within the corresponding

absolute magnitude range, get the number of Lyman break galaxies within the red-

shift slice and within that apparent magnitude interval. Summing up the galaxies

with the appropriate colours across the redshift slices gives the total expected num-

ber of galaxies as both a function of apparent magnitude in bins of ∆m = 0.5 (the

observable quantity) and of redshift for the input luminosity function (as can be seen
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Figure 3.3: The completeness of the ‘Deep’ region of the J-band image
as a function of magnitude. The dot-dashed line is the fraction of sources
recovered as a function of aperture-corrected point source magnitude in
the J-band image of GOODS-North, while the solid line is the expected
completeness given the noise from the image, as modelled by a Gaussian,
and a three per cent correction for source confusion.

in Figure 2.2). It should be noted that it is possible to take the limit of small bins

and avoid binning either the observed number counts or the modelled number counts,

provided that all empty bins with no galaxies are included in the total likelihood. A

grid of predicted numbers for different values of M∗
1600 (the characteristic magnitude)

and α (the faint-end slope) is built to compare with the observed number counts (as

a function of apparent magnitude) where the normalization, φ∗ (the volume density),

is treated as a parameter to be fit.

3.3.3 Effect of photometric scatter

Each magnitude bin is corrected for photometric scatter. One aspect of this is the
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probability that a galaxy with a particular apparent magnitude will be identified by

SExtractor and will fall either above or below my signal-to-noise cut. This acts in

both directions; the sample will be incomplete at fainter magnitudes as galaxies close

to the signal-to-noise cut have a larger chance of scattering below the limit, but there

will also be a number of galaxies that are intrinsically fainter than the cut which

get scattered above it and into my selection. First, the incompleteness is determined

by repeatedly adding in a 50 by 50 grid of spatially-compact artificial sources (a

scaled unsaturated star) to the GOODS-North images (see Figure 3.3), and assessing

the fraction which are recovered as a function of brightness. This also accounts for

confusion with foreground sources, which reduces the maximum completeness by three

per cent. Figure 3.3 shows the fraction of sources recovered at a S/N> 5 as a function

of input magnitude, along with a modelled completeness simulated by a Gaussian with

a width from the J-band 1σ noise, scaled by 0.97 to account for confusion. As the

fraction of recovered sources is well described by the simulated incompleteness, the

predicted number of galaxies from the Schechter functions is then convolved with a

Gaussian to account for scatter both out of and into the selection. This was done by

converting the model apparent magnitudes from the luminosity functions into S/N

slices using the survey properties, then applying a Gaussian smoothing to this S/N

distribution using a width of 1σ. This perturbed the magnitudes both up and down

according to Gaussian random errors.

Another aspect I consider is what fraction of genuine high-redshift drop-out galax-

ies are detected above my S/N cut, but which do not obey my colour criteria due

to photometric scatter out of the colour-colour selection window. This fraction was

simulated assuming a Gaussian distribution of errors using the S/N in each band. Fi-

nally, as I have imposed a strict 2σ non-detection criterion in the three optical bands

(b, v & i′) I correct for the 14.3 per cent possibility (5 per cent in each band) that a

genuine Lyman break galaxy with zero intrinsic flux at these wavelengths will have a
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noise spike in one or more spectral bands and thus be excluded from the sample.

3.3.4 Schechter parameter fits

Using the corrections described above, which depend on the limiting depths of the

survey field (the completeness calculations were carried out identically in both the

GOODS fields and the XDF), predicted surface densities are produced as a function

of apparent magnitude. The Maximum Likelihood method described above is then

used to find the best combination ofM∗
1600 and α to fit the observed surface densities,

with errors derived from the counting statistics of the number of observed galaxies

in each bin (∆m = 0.5), before obtaining the best fit normalisation for each model

luminosity function to find φ∗.

As well as using the Maximum Likelihood method to determine what values of

the Schechter parameters are most likely, it can also be used to find the associated

confidence intervals (Figures 3.5 to 3.6). The confidence intervals can be calculated

following Equation 3.3, where 1
2∆χ2 is the change in χ2 appropriate for the confidence

level and number of free parameters:

lnL = lnLmax −
1
2∆χ2. (3.3)

Starting with a 3-dimensional Likelihood cube in M∗
1600, φ∗ and α, I produce

marginalised 2-dimensional contours in, for example, M∗
1600 and φ∗ by summing the

e−pi values over α at every value of M∗
1600 and φ∗. To marginalise further for 1-

dimensional errors on M∗
1600, I can sum again at every value of φ∗. This process is

identical to summing over the probabilities.
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Figure 3.4: Marginalised likelihood contours for M∗
1600, φ∗ and α at z ≈ 7.

This was obtained with a maximum likelihood fit between the model-
predicted surface densities and the observed values shown by the diamonds
in Figure 3.7(a). The contours are plotted at the 95 per cent and 68 per
cent confidence levels.
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Figure 3.5: Likelihood contours for M∗
1600 and φ∗ marginalised over α at

z ≈ 7. The larger, dashed contours have been marginalised over the whole
range of α, whereas the smaller, solid contours have been constrained
to α = −2.06 ± 0.13 (Bouwens et al., 2015). These were obtained with a
maximum likelihood fit between the model-predicted surface densities and
the observed values shown by the diamonds in Figure 3.7(a). The contours
are plotted at the 95 % and 68 % confidence levels.
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Figure 3.6: As for Figure 3.5, with likelihood contours for M∗
1600 and φ∗ at

z ≈ 7 (solid lines) and z ≈ 8 − 9 (dashed lines), marginalised with a prior
of α = −2.06± 0.13 for the z′-drops and α = −2.02± 0.23 for the Y -drops.

For the z′-drops, φ∗,M∗
1600 and α were allowed to vary, creating a three-dimensional

likelihood cube in intervals of ∆M∗
1600 = 0.03 between −24.35 < M∗

1600 < −18.38,

∆ log10(φ∗/Mpc−3) = 0.025 between −7.5 < log10(φ∗/Mpc−3) < −1.4 (a range in φ∗

from 3.2× 10−8 Mpc−3 to 0.04 Mpc−3) and ∆α = 0.02 between −3.79 < α < −1.01.

As can be seen from Figure 3.4, with the limited data I am using I am unable

to constrain α well. Because of this, a prior of α = −2.06 ± 0.13 found by Bouwens

et al. (2015) (see Table 3.1) was applied so as to more strongly constrain M∗
1600 and

φ∗. To do this, a Gaussian prior was applied based around their 1σ limits on α and

then marginalised over to both constrain the possible values of α and account for the

uncertainty in their value. Figure 3.5 shows contours for both the full fit marginalised

over all α (larger, dashed contours) and the constrained fit (smaller, solid contours),

where both are plotted at the 68 per cent and 95 per cent, corresponding to a ∆χ2 of

2.3 and 6.17 (1 and 2 σ equivalent confidence levels for 2 degrees of freedom). I quote

both of these sets of values in Table 3.1. As the Schechter parameters are highly

86



correlated, the 1-dimensional errors quoted in Table 3.1 are very conservative, and so

the error contours shown in Figures 3.4, 3.5 and 3.6 give a more accurate picture of

the constraints.

Given the increased difficulty in fitting α for the Y -drops rather than the z′-drops

due to the smaller number of candidates and the weaker constraints this gives, I

similarly adopted a Gaussian prior of α = −2.02 ± 0.23 (Bouwens et al., 2015) and

marginalised over the α range, with φ∗ andM∗
1600 varying over the same grid of values

as the z′-drops. Figure 3.6 shows the 68 per cent and 95 per cent contours (at the

same chi-squared levels as the z′-drops) for the constrained α. Figure 3.7 shows the

surface densities predicted by the best-fit luminosity functions at both redshift ranges

and the best-fit values are quoted in Table 3.1. This Table also shows a range of values

in the literature.

It is instructive to compare my values with those of other groups, as well as to

compare the two redshift ranges. At z ≈ 7, my unconstrained fit of α = −2.39± 0.34

lies within 1 − 2σ of all of the literature values in Table 3.1, as can be seen from

Figure 3.8(a), which shows my best-fit luminosity function along with two other

determinations. The M∗
1600 and φ∗ values are more useful to look at, as the fact that

I have shown the variance between these two fields to be Poisson-dominated makes

them robust in the face of structural variation (cosmic variance), to which they are

more sensitive than the faint end slope is. Both parameters agree well with previous

results in Lorenzoni et al. (2013) as well as with the other literature values. The value

of φ∗ with a constrained α matches the Bouwens et al. (2015) value very well.

As described above, at z ≈ 8 − 9 the range of allowed α was constrained in the

same way as for the z′-drops around a value of α = −2.02± 0.23, also from Bouwens

et al. (2015). My values for M∗
1600 and φ∗ broadly agree with others reported, but the

uncertainties are too large to draw strong conclusions from them. It is interesting to

note that unlike the z′-drops, the z ≈ 8− 9 best-fit for φ∗ is not particularly close to
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the value from Bouwens et al. (2015). There is very good consistency with Finkelstein

et al. (2015) for M∗
1600 and φ∗ in both redshift ranges. The luminosity function does

appear to continue declining from z ≈ 7 to z ≈ 8 − 9, with the most likely M∗
1600

potentially fainter at higher redshift, though the values presented here are within 1σ

of each other, in broad agreement with the evolution found in Bouwens et al. (2007,

2011, 2015). Slightly more convincing, however, is a potentially lower value of φ∗ at

higher redshift, as seen in McLure et al. (2013), Schenker et al. (2013) and Finkelstein

et al. (2015), as my values at z ≈ 7 and z ≈ 8.9 are separated from each other by

more than 1σ.

3.4 Conclusions

I have studied drop-out samples from the GOODS-North and GOODS-South fields of

CANDELS. The candidate selection has been done using the colour-cuts from Loren-

zoni et al. (2013) to ensure comparability, and so enable the direct comparison of the

candidate lists. I have therefore been able to investigate the effect of cosmic variance

on the two GOODS fields, as well as to derive the UV luminosity function parameters

at z ≈ 7 and z ≈ 8− 9. The observations indicate that the cosmic variance between

the GOODS-North and -South fields is less than the Poisson noise, which is consistent

with theoretical predictions (Moster et al., 2011; Muñoz et al., 2010; Somerville et al.,

2004). Therefore, larger samples from deeper surveys will be needed to more effec-

tively constrain the effect that cosmic variance has on the number counts of galaxies,

as well as additional lines of sight to more accurately determine what that variance

is.

The above conclusion has allowed me to use both the candidates from GOODS-

North presented in Chapter 2 and those from GOODS-South in Lorenzoni et al. (2013)

to constrain the bright end of the UV luminosity function, while using identically
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(b) z ≈ 8− 9

Figure 3.7: (a): Observed surface density of Lyman break galaxies with
apparent J-band magnitude at z ≈ 7. The diamonds are the completeness-
corrected observed surface densities and the squares are the raw observed
surface densities. The error bars are purely Poisson number statistics. The
solid line is predicted by my best-fit luminosity function using a constraint
that α = −2.06± 0.13, which gives best-fit parameters of log10(φ∗/Mpc−3) =
−3.57 and M∗

1600 = −20.05. The dotted line is predicted when α is allowed to
vary, giving best-fit parameters of α = −2.39, log10(φ∗/Mpc−3) = −4.20 and
M∗

1600 = −20.65. The light-grey area is the 1σ tolerance using a constrained
α.

(b): As (a), but in apparent H-band magnitude at z ≈ 8−9. The solid line
uses α = −2.02± 0.23, giving best-fit parameters of log10(φ∗/Mpc−3) = −4.07
and M∗

1600 = −20.33.
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Figure 3.8: (a): The luminosity function at z ≈ 7. The solid line is my
best-fit luminosity function and the light-grey area is the 1σ confidence
interval for a constrained α, and the dotted line is my best-fit luminosity
function when α is allowed to vary. Also shown are data points from the
stepwise maximum likelihood fits and resulting best-fit luminosity func-
tions from McLure et al. (2013) and Bouwens et al. (2015). The triangle
symbols and the dashed line are from McLure et al. (2013) and the square
symbols and dot-dashed line are from Bouwens et al. (2015).
(b): As (a), but at z ≈ 8− 9. Only the best-fit luminosity function for a

constrained α is shown, with the associated 1σ confidence interval.

90



selected candidates from the XDF (Lorenzoni et al., in prep) to somewhat constrain

the faint end. This was done at both z ≈ 7 and z ≈ 8 − 9, finding Schechter

parameters which agree with those determined by other groups. The z ≈ 8 − 9

luminosity function is based on too few galaxies to be reliable, but is also broadly in

agreement with other values determined for this redshift range, as well as the evolution

in the UV luminosity function with redshift. I broadly see more of an evolution in φ∗

than M∗
1600, possibly implying the formation of new galaxies is more dominant than

the growth of individual galaxies.

The HST Frontier Fields campaign should shed more light onto the effects of

cosmic variance by providing multiple sight lines with deep HST imaging. Ultimately

the James Webb Space Telescope will better constrain the faint-end slope α by reaching

to fainter fluxes, as well as identifying Lyman break galaxies out to much higher

redshift to further explore the evolution of the UV luminosity function.
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Chapter 4

Luminosity Functions in the

VIDEO-CFHTLS-D1 Field

4.1 Introduction

The recent availability of surveys producing large samples of galaxies out to increas-

ingly high redshifts has allowed for the build up of a statistical view of what the

Universe looked like at different times in its history. We have been able to start

discerning a picture of how galaxy populations have been changing out to z & 9,

covering the bulk of the age of the Universe. The more local Universe has been as-

tonishingly well catalogued by surveys such as the Two Degree Field Galaxy Redshift

survey, which contains ∼ 220, 000 spectroscopic galaxy redshifts out to a zmax ∼ 0.3,

the Sloan Digital Sky Survey, which provides ∼ 1, 000, 000 galaxies with spectroscopic

redshifts out to z . 0.3, and the Galaxy And Mass Assembly survey, which measured

230,000 spectroscopic redshifts over an area of 283 degree2 out to z . 0.9, but the

situation is not so clear past z ∼ 1. This is a key stage in galaxy evolution; star

formation rates and AGN activity both peak between 1 < z < 3. The evolution of

galaxies since this point is best described by passive evolution, with star formation
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rates plummeting and galaxies dimming as they stop forming so many new stars,

instead become increasingly dominated by older stellar populations (Caputi et al.,

2006; Cirasuolo et al., 2007; Giallongo et al., 2005; Hopkins & Beacom, 2006; Lilly

et al., 1995, 1996). Before this is another story; galaxies were building their stellar

mass quickly, with increasing star formation rates. In order to better understand this

crucial time in the history of our Universe, deep multi-wavelength large-area data

sets are needed, providing large samples of galaxies for which we can measure red-

shifts, group and individual characteristics, allowing us to glean knowledge about the

processes which govern galaxy evolution.

One of the ways to capture the characteristics of a galaxy population is to measure

a luminosity function. By comparing the volume densities of galaxies at different

luminosities, we can learn about the processes that determine the distribution of

bright versus small galaxies, and those that cause it to differ from the underlying

distribution of dark matter, namely AGN activity and star-formation. To understand

these processes, a combination of the following is needed: a significant area to capture

enough of the rare objects that make up the bright end of the luminosity function,

enough depth to reach the faint end of the luminosity function, as well as a way of

reliably determining redshifts. Realistically, it is much more feasible to obtain a large

sample of photometric redshifts than spectroscopic redshifts, and so good data across

multiple wavebands are necessary.

The VISTA Deep Extragalactic Observations Survey (VIDEO) does a very good

job of addressing these requirements. In total, it covers an area of ∼ 12 degree2 in five

near-IR filters (the VISTA telescope’s ZY JHKs) down to a 5σ depth of Ks = 23.8

(see Table 4.1 for the 5σ depths). The data are spread out over three of the most

widely observed fields at high Galactic latitude, allowing for the combination of the

VIDEO near-IR data with observations from the radio to X-rays. In particular,

there is a 1 degree2 overlap with one of the Canada-France-Hawaii Telescope Legacy
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Survey (CFHTLS; Gwyn, 2012) Deep fields (CFHTLS-D1) and a 4.5 degree2 with

CFHTLS-Wide (CFHTLS-W1), which provide deep optical data that is invaluable

for estimating photometric redshifts.

In this chapter I analyse catalogues produced from the 1 degree2 VIDEO and

CFHTLS-D1 overlap, VIDEO-CFHTLS-D1, aiming to present luminosity functions

out to z = 3 and down to an absolute magnitude of MKs ∼ −20 at z = 1. These can

be used to constrain the influence of AGN activity and star-formation through the

stage when they are most energetic and into the present day, casting some light on

their effects on galaxy evolution.

The structure of this chapter is as follows: first, I describe the VIDEO survey

and the creation of the catalogues in Section 4.2.1, and the method used to extract

photometric redshifts in Section 4.2.2. Then I describe the method of measuring

luminosity functions using the 1/Vmax procedure, first by laying out the procedure

itself in Section 4.3.1 before describing in depth my recipe in Section 4.3.2. I present

Ks-band luminosity functions for the VIDEO-CFHTLS-D1 field in Section 4.4, fitting

them with a variety of evolving Schechter functions in Section 4.4.1 before discussing

these results in Section 4.5 and presenting my conclusions in Section 4.6.

4.2 Data

4.2.1 The VIDEO survey

The VIDEO survey covers three high Galactic latitude fields with some of the widest

range of observations available. These are the ELAIS-S1 field, covered with two

1.5 degree2 VISTA tiles, the XMM-Newton Large Scale Structure field (XMM-LSS),

covered with three VISTA tiles, and the extended Chandra Deep Field South, cov-

ered with a further three VISTA tiles. This is a total of ≈ 12 degree2 with ≈ 3

degree2 in ELAIS-S1 and ≈ 4.5 degree2 in the Chandra Deep Field South and ≈ 4.5
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Figure 4.1: Diagram showing the layout of the VIDEO and CFHTLS fields.
The green rectangles show the VIDEO data over the three XMM-LSS
fields, and the purple square shows the CFHTLS-D1 data in XMM3. The
CFHTLS-W1 data covers the whole of the area shown, and extends beyond
for several degrees in each direction. Figure adapted from Jarvis et al.
(2013).

degree2 in XMM-LSS. The catalogues used here are from the XMM-LSS field, with

VISTA providing near-infrared ZY JHKs photometry along with optical ugriz cover-

age from CFHTLS combining to give very deep imaging (see Table 4.1, which shows

the depths for the different bands) in 10 bands. 1 degree2 of the XMM3 tile is cov-

ered by the CFHTLS-D1 field, while the whole of the XMM-LSS fields are covered

by the CFHTLS-W1 field to shallower depth. The layout of these fields is shown in

Figure 4.1, and the ugriz and ZY JHKs filter curves are shown in Figure 4.2.

The data reduction and catalogue production for the VIDEO survey are fully
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Table 4.1: Depths for the VIDEO and CFHTLS-D1/W1 data. The
VIDEO depths are for a point source in a 2′′ aperture, taken from
Jarvis et al. (2013), and the CFHTLS depths are the 80% completeness
limit for point sources (taken from the T0007 Technical Documentation
http://www.cfht.hawaii.edu/Science/CFHTLS/T0007/CFHTLS_T0007-
TechnicalDocumentation.pdf).

VIDEO CFHTLS-D1 CFHTLS-W1

Filter 5σ depth Filter 5σ depth 5σ depth

Z 25.66 u 26.3 25.2

Y 24.51 g 26.0 25.5

J 24.44 r 25.6 25.0

H 24.14 i 25.4 24.8

K 23.77 z 25.0 23.9

Figure 4.2: Transmission curves for the CFHTLS and VIDEO filters. The
CFHTLS optical ugriz filters are on the left-hand side in thin lines, while
the VIDEO ZY JHKs filters are on the right in bold.
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Figure 4.3: g− i versus J−Ks colour-colour diagram showing objects in the
CFHTLS-D1 field with Ks < 23.5 in VIDEO. The stellar locus fit described
in Equation 4.1 is shown with a sold blue line. (Figure from Jarvis et al.,
2013.)

described in Jarvis et al. (2013). The final catalogue used for the VIDEO-CFHTLS-

D1 field was produced using SExtractor (Bertin & Arnouts, 1996), and has 481,685

objects in total, all detected in at least one of the ten VIDEO or CFHTLS bands.

Bright foreground objects were removed using a mask. Quasars have been removed

with the help of table E1 from White et al. (2015), which lists the positions of the

74 Quasars in the VIDEO-CFHTLS-D1 tile. Stars were removed from the catalogue

using the method described in Baldry et al. (2010), which is estimated to leave less

than 5% stellar contamination (McAlpine et al., 2012). The g− i and J −Ks colours

allow for clear separation between the stars and galaxies, as can be seen in Figure 4.3

(taken from Jarvis et al., 2013).
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The stellar locus can be described with a quadratic function:

flocus(x) =



−0.6127 x 6 0.3

−0.79 + 0.615x− 0.13x2 0.3 < x 6 2.3

−0.0632 2.3 < x,

(4.1)

and then sources with the following criterion are removed:

J −Ks < flocus(g − i) + 0.1. (4.2)

For the current work, only the objects detected in the Ks-band at Ks < 23.5 were

used, with photometry measured in all other bands at the Ks detected positions, leav-

ing a catalogue of 90,519 galaxies. The photometry was extracted in apertures with 1,

2, 3 and 4 arcsec diameters, as well as Kron fluxes (using SExtractor’s MAG_AUTO).

The photometric redshifts were produced using the 2 arcsec aperture fluxes (which

have a higher signal-to-noise ratio), and Kron fluxes were used to calculate the abso-

lute magnitudes used in the luminosity functions. The number counts are shown in

Figure 4.4, also from Jarvis et al. (2013), along with those in several other fields for

comparison.

4.2.2 Photometric Redshifts

The large number of bands and depth of the photometry in the VIDEO-CFHTLS-

D1 data makes photometric redshift fitting a reliable method to produce reasonably

accurate redshifts for a large number of objects, without the need to spectroscopically

confirm them. This is crucial for deriving science from the survey, as this redshift

information, along with extra information extracted at the same time such as object
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Figure 4.4: Total magnitude differential number counts for galaxies de-
tected in the Ks-band in the VIDEO-CFHTLS-D1 field. Filled red circles
and the solid red line show the number counts uncorrected for complete-
ness and the red dashed line shows the completeness corrected source
counts. The Poisson uncertainties are smaller than the symbol size. The
stellar number counts, separated as discussed in Section 4.2.1 are shown
as green stars. Also shown are the number counts from other studies in
the filters available, these are; CFHT-WIRDS (inverted filled blue trian-
gles; Bielby et al., 2011), the UKIDSS-DXS (black diamonds; Kim et al.,
2011) and the UltraVISTA (open black squares; McCracken et al., 2012),
showing excellent agreement. (Figure and caption from Jarvis et al., 2013.)
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Figure 4.5: Comparison of two potential galaxy SED templates for a par-
ticular object in the VIDEO catalogue. The solid blue line, a Starburst
galaxy at z = 2.5, is the best fit template to the object, whereas the red
dotted line, an Elliptical galaxy at z = 0.3 is a much worse fit.

classification into stellar, quasar and galaxy, the galaxy type and the stellar mass,

allows us to probe the physical processes with diagnostics such as luminosity functions,

mass functions or galaxy clustering.

Photometric redshift fitting using templates generally works by making a χ2 com-

parison between fluxes measured in photometric bands and a range of galaxy SED

templates at different redshifts which have had dust attenuation applied to them,

and have been scaled to account for different absolute magnitudes. Figure 4.5 shows

photometry for one object compared to two potential SEDs. The blue line is the

best fit SED, a Starburst galaxy at z = 2.5, while the red line shows the SED for

an Elliptical galaxy at z ≈ 0.3, which is a much worse match for the photometry.

By comparing the goodness-of-fit for each template, the best combination of redshift,

galaxy type, reddening and absolute brightness can be found.

The photometric redshifts used in this Chapter were calculated using
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Figure 4.6: Photometric redshifts versus high-reliability spectroscopic red-
shifts from the VVDS spectroscopic survey (Le Fèvre et al., 2005) with
photometric redshifts estimated without any luminosity function prior.
The main panel shows a comparison with the photometric redshift deter-
mined using the combined CFHTLS and ZY JHKs VIDEO filters. The
stripe of objects along the horizontal at z = 0.04 is due to the photo-
metric redshifts fitting to their lowest allowed value. The inset shows the
histogram of ∆z/(1 + z). Figure from Jarvis et al. (2013).
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Figure 4.7: Redshift distribution of sources in the catalogue (black solid
histogram), trimmed according to the criteria layed out in Section 4.2.1.
The blue dotted line shows the redshift distribution of sources in the UDS
sample used in Cirasuolo et al. (2010) scaled to the size of the VIDEO-
CFHTLS-D1 catalogue. The UDS catalogue has 25,564 sources compared
to 90,519 in the VIDEO-CFHTLS-D1 catalogue.

Le Phare (Arnouts et al., 1999; Ilbert et al., 2006), a freely available photometric

redshift fitting code. The process is fully described in Jarvis et al. (2013), but I will

summarise here. The SED templates were produced by Arnouts et al. (2007) and

consist of 64 templates based on an interpolation of the observed spectra of an ellip-

tical, an irregular and two spiral galaxies in Coleman et al. (1980) and two observed

starburst templates from Kinney et al. (1996). The construction of these templates is

described in Ilbert et al. (2006). The Scd and later types were modified by dust atten-

uation modelled with the interstellar extinction law measured in the Small Magellanic

Cloud by Prevot et al. (1984), producing templates with reddening excess E(B − V )

of 0.0, 0.05, 0.1, 0.15, 0.2 and 0.3 mag. The effect of the intergalactic medium was

also included using the prescription of Madau (1995). A sample of 3000 objects with

spectroscopic redshifts from the Vimos VLT Deep Survey (VVDS; Le Fèvre et al.,

2005) were also used to determine any offsets caused by possible bias in the template
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set, as in Ilbert et al. (2006). Figure 4.6 shows a comparison of the final VIDEO

photometric redshifts with the VVDS spectroscopic redshifts and Figure 4.7 shows

the redshift distribution of the sources with redshift distribution of the UKIDSS Ultra

Deep Survey (UDS) catalogue used in Cirasuolo et al. (2010) for comparison. There

is a discrepancy in the number of sources at high redshift between the VIDEO and

the UDS catalogue, with less sources at high redshift in the UDS than in VIDEO.

This may simply be caused by the different photometric codes used (they use HY-

PERZ; Bolzonella et al. 2000), the difference in photometric bands between the two

fields or the fact that they also consider sources that were selected in z′-band images,

rather than just a Ks-selected catalogue.

4.3 Luminosity Functions

4.3.1 The 1/Vmax Method

The 1/Vmax method is the classic non-parametric way of estimating the LF of a

sample, first proposed by Rowan-Robinson & McCrea (1968) and Schmidt (1968).

It relies on calculating the maximum possible volume, Vmax,i within which a given

galaxy with absolute magnitude Mi could be detected, and using this as a weighting

to give the number density of galaxies in a magnitude bin. The 1/Vmax,i are summed

over the N galaxies in a particular absolute magnitude bin of width ∆M according

to Equation 4.3:

φ(M) = 1
∆M

N∑
i=1

1
Vmax,i

. (4.3)

This accounts for the Malmquist bias, whereby we are biased to observe an intrin-

sically brighter population at higher redshift while observing fainter objects nearby
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where the volumes are smaller, and produces an unbiased estimate of the number

density.

The error on φ(M) is given by

σφ(M) = 1
∆M

√√√√ N∑
i=1

(
1

Vmax,i

)2

. (4.4)

The Vmax,i for each galaxy is found by first calculating the apparent magnitude

track with redshift for a galaxy with absolute magnitude Mi and a given SED and

finding the redshift where it drops below the detection limit of the survey, zmax,i. This

is dependent on both the actual redshift of the galaxy, which allows the calculation

of the absolute magnitude, and the SED of the galaxy, as for each different redshift

the observed frame Ks-band would access a different part of the rest-frame SED. For

a LF in a particular redshift bin, zmax,i must be corrected for the fact that a galaxy

could not be found outside of its own redshift bin. This is done by limiting zmax,i to

within the top edge of the bin.

Using zmax,i, it is possible to calculate the maximum possible volume, Vmax,i, in

which this galaxy might be found by using Equation 4.5, where A is the area of

the survey in degree2, zmin,i is the lower edge of the redshift bin and DC(z) is the

comoving distance defined in Equation 1.8. This formula can be found by integrating

Equation 1.10,

Vmax,i = A

3

(
π

180

)2 (
DC(zmax,i)3 −DC(zmin,i)3

)
. (4.5)

This method has its advantages and drawbacks. Having a non-parametric way

to estimate a LF is very useful as it makes no assumptions about the shape of the

underlying distribution. However, as it gives an average density of sources within a
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redshift slice, it is biased in surveys with strong large-scale clustering. It can also

lead to a biased shape if there is significant evolution within a redshift slice, boosting

the numbers of faint objects and suppressing the numbers of bright ones (an increase

in log φ∗ of 0.3 over a redshift slice of ∆z = 0.5 causes an increase in log φ of ∼ 0.1

at the faint-end and a decrease of . 0.1 at the bright end).

4.3.2 Measuring the VIDEO-CFHTLS-D1 LF

Using the method described above along with the best-fit redshift and the best-fit SED

for each galaxy output from LePhare, I determine the LF for the VIDEO-CFHTLS-

D1 field in 10 redshift bins between 0.2 < z < 3.0, shown in Figure 4.9. I do not

analyse objects with redshifts of z < 0.2 as the photometric fits are tailored to higher

redshifts than this and so will be less reliable.

First, I redshift each galaxy’s SED through 0 < z < 9 in steps of ∆z = 0.04,

convolving with the Ks filter curve to evaluate the integrated flux, adding in the

effects of band-stretching with redshift and distance dimming to find the apparent

magnitude that would be measured in the VIDEO survey at each redshift step. The

apparent magnitude track is compared with theKs-band limit of 23.5, thus measuring

zmax. Example magnitude tracks are shown in Figure 4.8; the zmax,i cut-off (vertical

lines) can be seen when a detectable object (black line) crosses Ks = 23.5 (horizontal

line) and becomes undetectable (grey line).

I limit each zmax,i to make sure that it is not higher than the upper bound of

the redshift bin, before calculating the volume of the shell from the lower bound of

the redshift bin out to zmax,i, Vmax,i for each galaxy. I also calculate the absolute

magnitudeMi of each galaxy by applying the Ks filter to the rest-frame SED with no

dimming. This absolute magnitude is aperture corrected using the difference between

the aperture fluxes (used by LePhare) and Kron fluxes.

I use magnitude bins of ∆M = 0.5, and sum the 1/Vmax,i in each magnitude bin to
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Figure 4.8: Magnitude tracks in redshifts for a subset of the catalogue,
showing the apparent Ks band magnitude for each object evaluated as
it is shifted through the redshift range. The Ks < 23.5 cut is shown, with
black lines brighter (detectable) and grey lines fainter (undetectable). The
thick, horizontal black line shows the Ks < 23.5 magnitude cut-off, and the
vertical lines pick out the maximum possible redshift for each object.
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Figure 4.9: 1/Vmax LF in the VIDEO-CFHTLS-D1 field. The black trian-
gles represent the 1/Vmax LF from the VIDEO-CFHTLS-D1 catalogue pre-
sented here. The blue open circles and the solid blue line are the 1/Vmax LF
and the best-fit evolving Schechter function obtained by maximum likeli-
hood analysis from the UKIDSS Ultra Deep Survey from Cirasuolo et al.
(2010).
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produce LFs for each redshift bin. The final errors are a combination of the statistical

error in Equation 4.4 and the error due to cosmic variance taken from Johnston et al.

(2015) figure 7, who calculate the effects of cosmic variance in the same 1 degree2

of the VIDEO survey using the publicly available GETCV code from Moster et al.

(2011). There is a slight downturn visible in the faintest bin of some of the redshift

slices; this is an artefact of the binning process, and not a real trend.

As well as the VIDEO-CFHTLS-D1 LF shown in Figure 4.9, I also show a LF

determination using the UKIDSS Ultra Deep Survey (UDS) from Cirasuolo et al.

(2010). The data used in Cirasuolo et al. (2010) is over a smaller area (0.7 degree2)

and shallower depth (Ks = 23.1) compared to the VIDEO-CFHTLS-D1 field. The

1/Vmax points compare well between VIDEO and the UDS, mostly agreeing to within

1−2σ. The uncertainties on the UDS points do not take into account cosmic variance,

so will be underestimated. There is a higher density in the VIDEO-CFHTLS-D1 field

compared to the UDS at around z ≈ 2, and as can be seen from Figure 4.7 the UDS

is under dense compared to the VIDEO-CFHTLS-D1 field at these redshifts. In the

lowest redshift bin the start of the upturn at faint magnitudes that is visible in the

UDS is also seen to extend down to MK = −17 in the VIDEO-CFHTLS-D1 field.

4.4 Fitted Schechter Functions in the VIDEO-CFHTLS-

D1 Field with CFHTLS-Deep

Fitting a parametric form of the LF can provide useful information about how the

underlying distribution has evolved over the course of time, both by examining how

the parameters describing one equation change and by looking for evidence of dif-

ferent forms at different redshifts. I use the Schechter parameterisation, described

by the characteristic brightness of a galaxy population, the volume density at that

characteristic density and a faint-end slope governing the number of fainter galaxies.
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Tracing the evolution of these parameters is very useful, as they can show how the

processes shaping galaxies have changed.

Given the observed upturn in the LF at low luminosity, I fit a double Schechter

parameterisation to the LF determined using the 1/Vmax method in Section 4.3.1.

This is given by

φ(M) = 0.4 ln(10)φ∗110−0.4(M−M∗1 )(α+1) exp
(
−10−0.4(M−M∗1 )

)
+0.4 ln(10)φ∗210−0.4(M−M∗2 )(β+1) exp

(
−10−0.4(M−M∗2 )

)
. (4.6)

A comparison between a single and a double Schechter parameterisation fitted in

the lowest redshift slice is shown in Figure 4.10. While the steep faint-end slope of

the single Schechter function describes the faint upturn well, it is not able to also

describe the knee of the Schechter function simultaneously, leading to the choice of a

double Schechter parameterisation. This comparison shows only the lowest redshift

slice which has the most pronounced upturn; the other redshift slices are much closer

to a single Schechter function than this.

I allow φ∗1 and M∗
1 , the characteristic volume density and the absolute magnitude

of the knee in the brighter Schechter function, to evolve separately with redshift using

φ∗1(z) = φ∗1c

( 1 + z

1 + zc

)kφ1,2

(4.7)

M∗
1 (z) = M∗

1c + 2.5kM1,2 log10

( 1 + z

1 + zc

)
, (4.8)

i.e. with pure luminosity or pure density evolution, or luminosity dependent density

evolution. The parameters kφ and kM set the strength of the evolution for φ∗1 and

M∗
1 respectively. These are fit separately above and below zc to allow for different

behaviour across different redshift ranges, with the change in evolution occurring at
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Figure 4.10: The comparison between the use of a single (red) or a double
(black) Schechter function to parameterise the lowest redshift VIDEO-
CFHTLS-D1 LF.

zc (also where φ∗1 = φ∗1c and M∗
1 = M∗

1c), i.e.,

kφ(kM) =


kφ1(kM1) z < zc

kφ2(kM2) zc < z,

(4.9)

so that zc is the redshift at which the evolutionary behaviour switches from one regime

to the other. I do not evolve either α, the faint-end slope, or the fainter of the two

Schechter functions as there is not enough information out to high enough redshift at

the faint end of the luminosity function to reliably constrain any evolution.

I also allow φ∗1 andM∗
1 to evolve using the parametric form described in Cirasuolo

et al. (2010). It is important to note that they use a single Schechter function,

instead of the double Schechter function used here. Their evolution is described in

equations 4.10 and 4.11 from equations 2 and 3 of Cirasuolo et al. (2010):
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φ∗1(z) = φ∗z=0 × exp
[
−
(
z

zφ

)]kφ
(4.10)

M∗(z) = M∗
z=0 −

(
z

zM

)kM
. (4.11)

The Schechter functions were fit using Metropolis-Hastings Markhov-Chain Monte

Carlo (MCMC). This involves using a number of walkers to explore the parameter

space for the models. The walkers are initialised in different positions in the parameter

space, chosen by producing a Gaussian cluster of walkers around several starting

positions chosen by trial and error. For each walker, the χ2 value at the initial

position is evaluated and the position recorded before moving a distance drawn from

another Gaussian distribution characterised by a tuned step-size. The χ2 value at

this new position is compared to the old position, and if the ratio of new to old is

higher than 1, or than a random number drawn uniformly from between 0 and 1,

then the walker moves to the new position and records the step, before the process

repeats. Step by step, this builds up a chain of χ2 and explores the parameter space,

preferentially spending time in areas with lower χ2 values and eventually converging

to oscillate around the best-fit value. Using multiple walkers makes the process less

sensitive to starting position, while using long chains makes it more likely that each

walker will have converged. As well as finding the best-fit values of the parameters,

the propensity for walkers to spend more time in areas of lower χ2 leads to an estimate

of the posterior probability distribution function (PDF).

4.4.1 Results

Here I present the best-fit solutions for the evolving Schechter functions. In order to

better separate out the different effects of luminosity and density evolution, Schechter

functions with pure luminosity evolution, pure density evolution and luminosity de-
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pendent density evolution are all presented. MCMC samples the posterior PDF of a

parameterisation in line with a maximum likelihood approach, but I quote reduced

χ2 values when discussing the goodness of fit for the different Schechter functions as

it is a useful diagnostic. All best-fits discussed are global solutions, and both the fit

with the lowest χ2 value (referred to as best fit) and the fit with the median likelihood

(referred to as median) are presented and discussed.

Figure 4.11 shows the median and best-fit pure luminosity evolution, and Fig-

ure 4.12 shows the associated posterior PDF for all parameters, with 95 and 68 per

cent confidence contours plotted. The median parameters are listed in the first col-

umn of Table 4.2 along with the best reduced χ2 sampled. While this evolutionary

form fits the bright end of the LF reasonably well across all redshifts, it struggles to

fit the knee and/or the faint-end of the LF in most cases; as such the fainter, second

Schechter function compensates and becomes more important and φ∗2 has a higher

value due to this. Interestingly, a single evolutionary term seems sufficient; km1 and

km2 are within 1σ of each other, and zc is at the very upper end of the redshift range,

meaning that the luminosity evolution is almost entirely described by km1. The evo-

lution is also very gentle, producing a dimming of only 0.3 mag from z = 3 to z = 0.5.

The obvious discrepancies at the faint end of the LF as well as the high reduced χ2

make this evolution difficult to believe, although it does look more promising in the

higher redshift bins.

Figure 4.13 shows the median and best-fit Schechter functions with pure density

evolution and Figure 4.14 shows the associated plots of the posterior PDF, and the

median parameters are listed in the second column of Table 4.2, along with the best

reduced χ2 sampled. Overall, the reduced χ2 is lower than pure luminosity evolution,

but conversely, it struggles to fit the bright-end of the LF which is less strongly effected

by density evolution than the faint end. This does show a clear two part evolution,

with kφ changing from kφ1 = −1.01 below zc = 1.71 to kφ2 = −2.02 above it. kφ has
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Figure 4.11: Median and best-fit double Schechter functions between
0.2 < z < 3 in VIDEO-CFHTLS-D1 with pure luminosity dependent evolu-
tion. The fit parameters are listed in the first column of Table 4.2. Black
triangles are the VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are
the double Schechter functions and the dotted and dashed lines show the
bright and faint parts of the double Schechter function respectively. The
best-fit is shown in black and the median in red.

114



24
.0

23
.6

23
.2

22
.8

M
∗ 1

1.
25

1.
20

1.
15

1.
10

α

1.
2

0.
8

0.
4

0.
0

k M
1

1.
2

0.
8

0.
4

0.
0

k M
2

3.
2

3.
0

2.
8

log(φ∗1 )

0

1

2

3

z c

24
.0

23
.6

23
.2

22
.8

M ∗
1

1.
25

1.
20

1.
15

1.
10

α
1.
2

0.
8

0.
4

0.
0

kM1

1.
2

0.
8

0.
4

0.
0

kM2

0 1 2 3

zc

19
.2

18
.4

17
.6

M
∗ 2

2.
8

2.
7

2.
6

2.
5

2.
4

log(φ∗2 )

2.
4

1.
6

0.
8

0.
0

β

19
.2

18
.4

17
.6

M ∗
2

2.
4

1.
6

0.
8

0.
0

β

Figure 4.12: Estimation of the posterior PDF for a double Schechter func-
tion with pure luminosity dependent evolution. The 2-D plots show the
marginalised PDF for each two parameters with contours plotted at the
95 and 68 per cent confidence levels, while the 1-D histograms show the
marginalised PDF for each parameter individually, with dotted lines show-
ing the 16th, 50th and 84th percentiles.
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Figure 4.13: Median and best-fit double Schechter functions between 0.2 <
z < 3 in VIDEO-CFHTLS-D1 with pure density dependent evolution. The
fit parameters are listed in the middle column of Table 4.2. Black triangles
are the VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are the double
Schechter functions and the dotted and dashed lines show the bright and
faint parts of the double Schechter function respectively. The best-fit is
shown in black and the median in red.
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Figure 4.14: Estimation of the posterior PDF for a double Schechter func-
tion with pure density dependent evolution. The 2-D plots show the
marginalised PDF for each two parameters with contours plotted at the
95 and 68 per cent confidence levels, while the 1-D histograms show the
marginalised PDF for each parameter individually, with dotted lines show-
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Figure 4.15: Median and best-fit double Schechter functions between 0.2 <
z < 3 in VIDEO-CFHTLS-D1 with luminosity dependent density evolution.
The fit parameters are listed in the last column Table 4.2. Black triangles
are the VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are the double
Schechter functions and the dotted and dashed lines show the bright and
faint parts of the double Schechter function respectively. The best-fit is
shown in black and the median in red.
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Figure 4.16: Estimation of the posterior PDF for a double Schechter func-
tion with luminosity dependent density evolution. The 2-D plots show
the marginalised PDF for each two parameters with contours plotted at
the 95 and 68 per cent confidence levels, while the 1-D histograms show
the marginalised PDF for each parameter individually, with dotted lines
showing the 16th, 50th and 84th percentiles.
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a stronger evolution here than kM in Figure 4.11, increasing approximately fourfold

between z = 3 and z = 0.5. This stronger evolution is why pure density evolution

gives a better fit than pure luminosity evolution, though the fainter magnitude bins

where the number counts are high, which pure luminosity evolution fails to describe

well, will have more of a penalising effect than the bright bins. This evolutionary

form does struggle in some of the high redshift bins, particularly around z ≈ 2, which

is also where there is the greatest discrepancy between the volume densities measured

in the VIDEO-CFHTLS-D1 field here and in the UDS from Cirasuolo et al. (2010).

Figure 4.15 shows the median and best-fit luminosity dependent density evolution,

which gives the best fit. The associated plots of the posterior PDF are shown in

Figure 4.12 and the median parameters along with the best-fit reduced χ2 are listed

in the third column of Table 4.2. Both the luminosity and the density evolution are

steeper, which is to be expected as they compensate for each other (the correlation

between φ∗1z and M∗
1z and between the kφ1,2 and kM1,2 is visible in Figure 4.12). As

in the pure luminosity evolution case, kM1 and kM2 are similar, agreeing to within

1σ, whereas kφ1 and kφ2 are still significantly different from each other. kφ2 still

gives a very steep evolution above zc = 1.25. Overall, the density evolution is still

stronger than the luminosity evolution, with a dimming of 1.1 mags compared to

an approximately tenfold increase in volume density from z = 3 to z = 0.5. The

combined evolution produces Schechter functions which fit the changes in both the

bright-end and the knee of the LF well. The high number density of sources at faint

magnitudes, clearly visible in the low redshift bins, is also well fitted by the fainter

of the two Schechter functions, which has a high φ∗2 and a steep faint-end slope.

Together, these three sets of luminosity functions give evidence for a very strong

increase in the number density of galaxies from z ≈ 3 to z ≈ 1.25 followed by a slightly

weaker increase since then, and a gentle decrease in luminosity that is constant over

the whole redshift range.
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Table 4.2: The median and best-fit double Schechter parameters and best-
fit reduced χ2 from Equation 4.6 with either luminosity evolution, density
evolution or luminosity dependent density evolution, according to either
Equation 4.8 or Equation 4.7, or both.

Evolution type

M∗
1 only φ∗1 only M∗

1 & φ∗1 both

Median values

log10(φ∗1z/Mpc−3) −3.00+0.12
−0.07 −2.96+0.06

−0.04 −2.84+0.03
−0.11

M∗
1z −23.52+0.36

−0.31 −23.34+0.22
−0.39 −23.61+0.19

−0.26

α −1.21+0.08
−0.03 −1.14+0.18

−0.03 −1.11+0.02
−0.09

kφ1 0 (fixed) −1.01+0.22
−0.21 −1.14+0.21

−0.32

kφ2 0 (fixed) −2.02+0.18
−0.78 −3.00+0.33

−0.40

km1 −0.32+0.30
−0.79 0 (fixed) −1.00+0.24

−0.36

km2 −0.18+0.10
−0.18 0 (fixed) −0.89+0.28

−0.27

zc 2.75+0.25
−2.70 1.71+0.25

−0.52 1.25+0.18
−0.35

log10(φ∗2/Mpc−3) −2.20+0.04
−0.43 −2.46+0.43

−0.28 −2.56+0.04
−0.13

M∗
2 −18.37+0.58

−0.44 −18.18+1.08
−0.90 −17.97+0.23

−0.47

β −1.12+0.30
−1.15 −0.95+1.23

−1.46 −1.52+0.21
−0.50

Best-fit values

log10(φ∗1z/Mpc−3) −2.98+0.22
−0.06 −2.95+0.07

−0.04 −2.82+0.10
−0.03

M∗
1z −23.61+0.10

−0.22 −23.46+0.05
−0.07 −23.58+0.03

−0.11

α −1.29+0.30
−0.03 −1.16+0.05

−0.10 −1.07+0.08
−0.04

kφ1 0 (fixed) −0.56+0.10
−0.07 −0.96+0.10

−0.03

kφ2 0 (fixed) −2.00+0.07
−0.04 −2.77+0.11

−0.04

km1 −0.04+0.09
−0.22 0 (fixed) −0.93+0.04

−0.09

km2 −0.00+0.09
−0.23 0 (fixed) −0.57+0.08

−0.04

zc 3.11+0.15
−0.18 2.27+0.04

−0.11 1.74+0.05
−0.08

log10(φ∗2/Mpc−3) −2.63+0.06
−0.27 −2.54+0.04

−0.13 −2.54+0.05
−0.06

M∗
2 −18.63+0.10

−0.23 −18.16+0.06
−0.04 −17.78+0.10

−0.03

β −2.31+0.10
−0.22 −2.21+0.05

−0.06 −1.34+0.10
−0.03

χ2 (reduced) 4.79 3.94 1.64
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4.4.2 Comparison with UDS

In this section I determine Schechter functions with φ∗1 and M∗
1 evolving according

to Equations 4.10 and 4.11, taken from Cirasuolo et al. (2010). Similarly, these

are presented with pure luminosity evolution, pure density evolution, and luminosity

dependent density evolution.

As before, Figure 4.17 shows the median fit with pure luminosity evolution and

Figure 4.12 shows the associated plots of the posterior PDF, Figure 4.19 shows the

median Schechter functions with pure density evoltuion and Figure 4.20 shows the

associated plots of the posterior PDF, and Figure 4.21 shows the median fit with

luminosity dependent density evolution and Figure 4.22 the plots of the posterior

PDF. The median parameters for each evolution are listed in Table 4.3, as are the

best reduced χ2 values. Similarly to before, pure luminosity evolution provides the

highest reduced χ2, and is again described by a very weak evolution. It also struggles

to reproduce the faint end at lower redshifts, producing an evolution that is not

entirely believable. Pure density evolution gives a slightly lower reduced χ2, with

again, a stronger evolution than that seen in the pure luminosity case, but is also not

a very believable fit. The best-fit is provided by combined evolution, as expected, with

evolution in both luminosity and density that agrees with when they evolve separately.

The best-fit parameters for the VIDEO-CFHTLS-D1 field and the UDS in Cirasuolo

et al. (2010) mostly agree to within 1− 2σ, but there is some disagreement between

the measurements of φ∗10 and kφ. The difference in φ∗10 may be due to the upturn at

the faint end of the LF in the lowest redshift bin, as the φ∗10 parameter describes the

value of φ∗1 at z = 0. Also, as can be seen in Figure 4.9 the volume densities measured

in the UDS (either by the 1/Vmax method or the maximum likelihood method) are

slightly lower than those measured in VIDEO in the key redshift bins around zφ,

which may be causing this effect (given the similarity in the VIDEO-CFHTLS-D1

and the UDS fields, I would expect the UDS to have an equivalent cosmic variance of
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Figure 4.17: Median and best-fit double Schechter functions between
0.2 < z < 3 in VIDEO-CFHTLS-D1 with pure luminosity dependent evo-
lution following the Cirasuolo et al. (2010) parameterisation. The fit pa-
rameters are listed in the first column Table 4.3. Black triangles are the
VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are the double Schechter
functions and the dotted and dashed lines show the bright and faint parts
of the double Schechter function respectively. The best-fit is shown in
black and the median in red.
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Figure 4.18: Estimation of the posterior PDF for a double Schechter func-
tion with pure luminosity dependent evolution following the Cirasuolo
et al. (2010) parameterisation. The 2-D plots show the marginalised PDF
for each two parameters with contours plotted at the 95 and 68 per cent
confidence levels, while the 1-D histograms show the marginalised PDF
for each parameter individually.
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∼ 15 per cent). As this is the higher end of the redshift range, it may also be causing

the discrepancy in kφ, as a higher value would be needed to describe the lower volume

densities at high redshift seen in the UDS.

The best-fit LF with luminosity dependent density evolution from Section 4.4.1

has a lower reduced χ2 than the best-fit LF from Section 4.4.2. As can be seen from

the red line in Figure 4.23, Equations 4.7 & 4.8 are better at describing the brightening

of the bright end of the LF out to z ≈ 3, although both types of evolution struggle to

reproduce the faint-end volume densities at high redshift. The upturn in the faint-end

visible at the lowest redshifts is well described by the blue line, as the fainter schechter

function has a very steep slope. The two forms of evolution combine to give a picture

of stronger density evolution than luminosity evolution, though the evolutions take

slightly different shapes. The best-fit parameters describing the two M∗
1 evolutions

lead to qualitatively similar forms, where as the significant differences in the two

values kφ1 and kφ2 produce a qualitatively different form of density evolution, with

Equation 4.10 giving a flatly increasing density as opposed to the clear split in regimes

displayed in Equation 4.7.

Many of the contours associated with the fits presented here show a very multi-

modal nature. This may be because the posterior is multi-modal, but it may also be

a sign that the fits have struggled to converge. The fitting process was tuned so that

the MCMC chains had an acceptance rate of between 20 and 50 per cent, ensuring

that they would travel well through the parameter space (see e.g. Dunkley et al., 2005;

Gelman et al., 1996, but the high number of parameters makes the various posteriors

difficult to sample and the success very sensitive on the initial guess. The fits may

be improved by using a peak-finding algorithm to identify the best-fit parameters

before sampling the posterior and using this to inform the starting points of the

walkers, guiding them to sample the most important section of the parameter space.

Convergence tests such as the Gelman-Rubin test (Gelman & Rubin, 1992) could be

125



Figure 4.19: Median and best-fit double Schechter functions between
0.2 < z < 3 in VIDEO-CFHTLS-D1 with pure density dependent evolu-
tion following the Cirasuolo et al. (2010) parameterisation. The fit pa-
rameters are listed in the second column of Table 4.3. Black triangles
are the VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are the double
Schechter functions and the dotted and dashed lines show the bright and
faint parts of the double Schechter function respectively. The best-fit is
shown in black and the median in red.
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Figure 4.20: Estimation of the posterior PDF for a double Schechter func-
tion with pure density dependent evolution following the Cirasuolo et al.
(2010) parameterisation. The 2-D plots show the marginalised PDF for
each two parameters with contours plotted at the 95 and 68 per cent con-
fidence levels, while the 1-D histograms show the marginalised PDF for
each parameter individually.
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Figure 4.21: Median and best-fit double Schechter functions between 0.2 <
z < 3 in VIDEO-CFHTLS-D1 with luminosity dependent density evolution
evolution following the Cirasuolo et al. (2010) parameterisation. The fit
parameters are listed in the third column of Table 4.3. Black triangles
are the VIDEO-CFHTLS-D1 1/Vmax points, the solid lines are the double
Schechter functions and the dotted and dashed lines show the bright and
faint parts of the double Schechter function respectively. The best-fit is
shown in black and the median in red.
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Figure 4.22: Estimation of the posterior PDF for a double Schechter func-
tion with luminosity dependent density evolution following the Cirasuolo
et al. (2010) parameterisation. The 2-D plots show the marginalised PDF
for each two parameters with contours plotted at the 95 and 68 per cent
confidence levels, while the 1-D histograms show the marginalised PDF
for each parameter individually.
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Table 4.3: The median and best-fit double Schechter parameters and best
reduced χ2 from Equation 4.6 with luminosity evolution, density evolu-
tion or luminosity dependent density evolution taken from Cirasuolo et al.
(2010), according to either Equation 4.11 or Equation 4.10, or both, along
with the best-fit parameters single Schechter parameters from the UDS.

Evolution type

M∗
1 only φ∗1 only M∗

1 & φ∗1 both UDS

Median values

log10(φ∗10/Mpc−3) −2.47+0.05
−0.06 −2.55+0.08

−0.22 −2.56+0.06
−0.06 −3.46± 0.05

M∗
10 −22.48+0.28

−0.24 −22.46+0.36
−0.40 −22.63+0.35

−0.31 −22.26 (fixed)

α −1.11+0.02
−0.02 −1.11+0.01

−0.05 −1.13+0.03
−0.02 −1.07± 0.1

kφ 0 (fixed) 1.14+0.02
−0.13 1.07+0.01

−0.01 1.47± 0.1

zφ - 1.99+0.18
−0.40 1.88+0.06

−0.48 1.70± 0.09

km 0.25+0.02
−0.02 0 (fixed) 0.27+0.27

−0.02 0.47± 0.2

zm 1.63+0.10
−0.07 - 1.58+0.06

−0.06 1.78± 0.15

log10(φ∗2/Mpc−3) −2.62+0.06
−0.06 −2.46+0.20

−0.14 −2.58+0.07
−0.08 -

M∗
2 −18.58+0.31

−0.34 −17.87+0.49
−0.61 −18.53+0.28

−0.22 -

β −1.12+0.24
−0.26 −1.41+0.59

−0.90 −2.12+0.42
−0.29 -

Best-fit values

log10(φ∗10/Mpc−3) −2.45+0.08
−0.05 −2.71+0.19

−0.37 −2.50+0.14
−0.06

M∗
10 −22.50+0.05

−0.06 −22.61+0.19
−0.36 −22.47+0.17

−0.06

α −1.20+0.15
−0.07 −1.25+0.19

−0.19 −1.08+0.10
−0.08

kφ 0 (fixed) 0.92+0.20
−0.21 1.08+0.09

−0.06

zφ - 2.12+0.13
−0.20 1.99+0.09

−0.09

km 0.21+0.10
−0.12 0 (fixed) 0.30+0.09

−0.06

zm 1.51+0.09
−0.13 - 1.74+0.03

−0.14

log10(φ∗2/Mpc−3) −2.58+0.14
−0.05 −2.27+0.15

−0.08 −2.51+0.15
−0.06

M∗
2 −18.23+0.11

−0.06 −16.73+0.05
−0.14 −18.82+0.06

−0.15

β −1.43+0.07
−0.17 −1.09+0.09

−0.21 −1.92+0.12
−0.06

χ2 (reduced) 6.33 5.27 2.58 -
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used to check whether the chains have converged, telling the fitting algorithm that it

could stop sampling (Dunkley et al., 2005). Finally, a different sampling algorithm

than Metropolis-Hastings, such as affine-invariant MCMC may well provide a better

option for fitting a posterior which is potentially multi-modal and degenerate, with

more objectivity as there is less need to define a sensible trial distribution initially in

order to obtain realistically practicable convergence times (Allison & Dunkley, 2014).

As previously mentioned, the high number of parameters involved make this evo-

lutionary model difficult to fit. It is possible that fewer parameters would produce a

clearer picture of the behaviour of the LF over this redshift range. This could either

be achieved by assuming a simpler version of the Schechter function, either a sin-

gle Schechter function, which would manage well in all but the lowest redshift bins,

or a double Schechter function with less parameters. This may mean that there is

less degeneracy and that the parameters could all be better constrained. Similarly,

a simpler evolutionary model or one that uses local measured values of the charac-

teristic luminosity and volume density at z = 0 rather than fitting them, as is done

in Cirasuolo et al. (2010), would remove some of the complication.

4.5 Discussion

The various evolutionary forms tested in Section 4.4.1 show a combined evolution

in luminosity and density over cosmic time. There is a substantial brightening of

∆M & 1 in luminosity from z = 0 to z = 3 at a reasonably constant rate, in

agreement with previous studies (Caputi et al., 2006; Cirasuolo et al., 2007, 2010;

Ilbert et al., 2005). Simultaneously, the number density of galaxies has evolved much

more rapidly, although in two stages. Since z ≈ 1.75, it has increased by only a factor

of 2, whereas from z = 3 to z = 1.75 it increased by a factor of 4.

Rest-frameKs-band accesses the bulk of the stellar mass of a galaxy, providing the

131



Figure 4.23: Comparison of the median LFs from Section 4.4.1 (red) and
Section 4.4.2 (blue) at z ≈ 0 (top panel), z ≈ 1 (middle panel) and z ≈ 2
(bottom panel). As before, the brighter Schechter function is shown in
dotted lines, the fainter Schechter function is shown in dashed lines and
the full double Schechter function is shown in solid lines.
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perfect probe to try to quantify how the number and brightness of the vast majority

stars in a galaxy are behaving. Overall, the Ks-band luminosity functions presented

here imply a very rapid build up in the number of galaxies from z ≈ 3 until z ≈ 1.75.

The steep shape of the bright end of the LF means it is best described by luminos-

ity evolution. Brighter galaxies contain the bulk of the stellar mass and the evolution

of smaller galaxies has little effect on the characteristic brightness, and so the lumi-

nosity evolution of the LF follows the evolution of the brightest galaxies. The gentle

single-strength decrease in luminosity measured in Section 4.4 hints at passive evolu-

tion for bright galaxies. These galaxies form the bulk of their mass at high redshift,

before they are quenched, leaving a slowly dimming, ageing stellar population.

Density evolution has a much stronger effect on the faint end of the LF due to its

flatter shape. The two-term density evolution in Section 4.4 shows an initial regime

at higher redshift where the evolution is dominated by haloes collapsing to form

increasing numbers of galaxies. Since z ≈ 1.75, the slower rate of build up implies

that instead of the number density mostly being driven by the formation of new,

smaller galaxies, mergers are having a greater effect, working to decrease the density

of galaxies and so slowing the overall density evolution.

The interpretation of passive evolution dominating the bright-end of the LF and a

rapid build up of smaller galaxies at the faint end of the LF is in line with downsizing,

where the combination of massive passive galaxies that have formed their stellar mass

very early and active small galaxies which are still forming their stellar mass leads to

larger galaxies having a smaller specific SFR. If massive galaxies form early and fast

and subsequently stop forming stars, the brightest galaxies would not be growing in

luminosity, as they have stopped forming new stars, but would be ageing passively

following their stellar populations, becoming slowly redder and dimmer as they lose

the all but the stars with very long lifetimes. Meanwhile, the small galaxies, which

are young and actively forming stars, would be moving from the extremely large
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population of very faint galaxies through the luminosity function to contribute to

brighter populations, increasing the volume density towards the knee of the LF. This

would produce the evolution in luminosity and density seen here.

At low redshift, the faint-end of the luminosity function is well constrained. The

upturn visible in the two lowest redshift bins provides support for a double-Schechter

parameterisation (see Figure 4.10, showing that, at least at low redshift, the number

density of very low brightness galaxies is too high to be described by a single Schechter

function with a steep faint-end slope. However, for the bulk of the redshift range

discussed here, a double Schechter function is not well supported.

It is possible to convert a luminosity function to a stellar mass function with the

use of synthetic spectra made with stellar population synthesis models, such as the

model of Bruzual & Charlot (2003), fitting the models with a code such as Le Phare,

used to fit the photometric redshifts used here, or CIGALE (Burgarella et al., 2005;

Giovannoli et al., 2011; Noll et al., 2009), an SED fitting code optimised to produce

physical properties (e.g. (Ilbert et al., 2013; Johnston et al., 2015). This provides each

galaxy with a stellar mass, and a mass limit for detection dependent on the mass-to-

light ratio of the particular model that was used. From this point, a mass function can

be built in the same manner as a luminosity function. Mass functions can be useful

as they provide a much more physical picture. It is possible to trace how different

size, colours and types of galaxies assemble their mass by tracing the evolution of

their respective mass functions (Ilbert et al., 2013). It is very straightforward to

compare them to physical models, which deal in mass rather than light. However,

there are many uncertainties involved in them; they are very derived properties based

on several more steps with inbuilt assumptions than luminosity functions, which are

more directly related to observations. For this reason, while it is important to measure

mass functions and compare them directly to physical models, it is also important

to produce luminosity functions from those models and compare them directly to
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observed luminosity functions.

4.6 Conclusions

I have presented rest-frame Ks-band luminosity functions out to z ≈ 3 from the

VIDEO-CFHTLS-D1 field, which provides the best combination of area, depth and

available photometric bands. The number of bands and the depth of the photometric

data allowed for the production of a catalogue of objects with photometric redshifts,

from which I used the 1/Vmax method to derive luminosity functions in 10 redshift

bins ranging from z = 0.2 to z = 3.

The large volume sampled by the VIDEO survey fills in the bright-end of the

luminosity function with reliable points as far as M = −24 at z ≈ 0.2 and M = −26

at z ≈ 3. This has allowed for the full measurement of the bright-end and knee of

the Schechter function out to z = 3, constraining M∗ and its evolution. The deep

IR imaging has allowed me to characterise the faint end of the luminosity function

at lower redshifts, reaching down to absolute magnitudes of M = −20 at z = 1 and

M = −17 at z = 0.2. I have fitted a variety of evolutionary forms over the redshift

range, and see an evolution that is a combination of slow brightening of characteristic

luminosity and a two-tone rapid evolution in characteristic number density until z = 3.
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Chapter 5

Luminosity Functions in the

VIDEO-CFHTLS-W1 Field

5.1 Introduction

The galaxy LF presents a measure by which to constrain theories of galaxy evolution.

Tracing how populations of galaxies evolve in luminosity and density, as well as the

relative distribution of faint to bright galaxies, gives insight into the processes that

shape them. The importance of large surveys is ever more evident as we continue to

advance our understanding of galaxy evolution both theoretically and observationally

via this method.

The faint-end of the LF allows us to investigate the effect of feedback from star

formation and supernovae on the evolution of galaxies. At low redshift, there is

a visible upturn at the faint-end of the LF, measured at z < 0.1 (Loveday et al.,

2012, 2015) and at extremely low redshift (Baldry et al., 2005; Blanton et al., 2005;

Geller et al., 2012). This is an area that represents one of the biggest mismatches

between theory and observations, with simulations of galaxy evolution in a ΛCDM

universe over-predicting the number density of faint galaxies, and so is of critical
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importance to study. Additionally, observational issues with observing the faint end

of the galaxy LF exacerbate this problem, as low luminosity galaxies tend to have

lower surface brightnesses (Cameron & Driver, 2007; Driver, 1999) which makes them

harder to detect, leading to the underestimation of the faint, low surface brightness

dwarf galaxies that make up the bulk of the number densities at this end of the LF.

The galaxy LF has been measured in many deep surveys at z > 1 such as the

VIMOS VLT Deep Survey (VVDS; Ilbert et al., 2006; Le Fèvre et al., 2005), the

UKIDSS Ultra Deep Survey (UDS; Cirasuolo et al., 2010; Lawrence et al., 2007, and

the COSMOS survey (Scoville et al., 2007; Zucca et al., 2009) and very large surveys

at low redshift such as the Two Degree Field Galaxy Redshift Survey (2dF; Cole et al.,

2001; Colless et al., 2001, the Sloan Digital Sky Survey (SSDS; Adelman-McCarthy

et al., 2008; Baldry et al., 2005; York et al., 2000), and the Galaxy And Mass Assembly

survey (GAMA; Driver et al., 2009, 2011; Loveday et al., 2012), but the necessary

combination of large area and high sensitivity makes it difficult to link up the evolution

between 0 < z < 1, as well the difficulty inherent in combining the vastly different

techniques of the spectroscopic surveys at low redshift and the photometric surveys at

higher redshift. The VIDEO survey’s coverage of the XMM fields, overlapping with

one of the CFHTLS-Wide fields, supplies an area of 4.5 degree2 with deep optical

and IR imaging. The area is wide enough to sample large comoving volumes even

at low redshift, allowing for the characterisation of the bright end of the LF. The

deep imaging, with a 5σ limit of Ks = 23.8 and i = 24.8 (see Table 4.1), allows for

the measurement of the LF down to faint magnitudes consistently below M∗ out to

z > 1. This combination lets us examine both luminosity evolution, which will have

a very strong effect on the bright end of the LF and density evolution, which will

require LFs with good constraints beyond L∗ to fit.

In this chapter I present 1/Vmax luminosity functions from the 4.5 degree2 VIDEO

and CFHTLS-W1 overlap, VIDEO-CFHTLS-W1, out to z = 1.5 and down to an
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absolute magnitude of MKs ∼ −20 at z = 1 and MKs ∼ −17 at z = 0.3. These are

particularly useful for studying the bright end of the LF as the large area produces

the necessary number counts to find rare, bright objects, and for studying the faint-

end of the luminosity function at lower redshift where the small size of the comoving

volume element makes it much harder to robustly characterise the LF.

The structure of this chapter is as follows: first, I describe the VIDEO-CFHTLS-

W1 data, the catalogue creation and photometric redshift fitting in Section 5.2 and de-

scribe measuring the luminosity functions using the 1/Vmax procedure in Section 5.3.

I then present Ks-band luminosity functions for the VIDEO-CFHTLS-W1 field in

Section 5.4, fitting them with a variety of evolving Schechter functions as in Chap-

ter 4 in Section 5.4.1 and 5.4.2 before discussing the results in Section 5.5, and finally

I present my conclusions in Section 5.6.

5.2 Data

In this Chapter, I use the whole 4.5 degree2 of the VIDEO near-IR ZY JHKs coverage

over the XMM-LSS field, with optical ugriz data provided by the much larger (72

degree2) CFHTLS-W1 field. A description of the VIDEO survey can be found in

Section 4.2.1 and Jarvis et al. (2013). As can be seen from Table 4.1, the near-IR

VIDEO imaging has the same depths over the whole field, whereas the optical data

from CFHTLS-W1 are approximately a magnitude shallower than the optical data

from CFHTLS-D1.

The data reduction and catalogue production were carried out in the same way

as for the VIDEO-CFHTLS-D1 field, as described briefly in Section 4.2 and fully in

Jarvis et al. (2013), leaving a catalogue of 281,299 objects identified in the Ks-band

with Ks < 23.5 with photometric redshifts also calculated in an identical way as

the VIDEO-CFHTLS-D1 field. The number counts are shown in Figure 5.2 and the
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Figure 5.1: The average error on the photometric redshift at different
redshifts for galaxies detected in the VIDEO-CFHTLS-D1 (dotted) and
VIDEO-CFHTLS-W1 (solid) fields.

redshift distribution in Figure 5.3.

As the catalogue used has a detection criterion in the Ks-band, the reduced depth

of the optical data from CFHTLS-W1 compared to CFHTLS-D1 will not directly

effect the measurement of the 1/Vmax LFs. However, because the optical bands are

so key to photometric redshift fitting, it will affect the best-fit redshifts that are then

used in the 1/Vmax analysis. This will have the largest effect on objects that are close

to the depth limits of the photometry, such as those at high redshift.

The shallower optical limits will increase the uncertainty on the best-fit redshifts.

As can be seen from Figure 5.1, this will have a larger effect on high redshift objects

as they are more likely to be faint, and so the average error will be larger. However,

it will also have an effect of low redshift sources. The shallower optical limits will also

increase the fraction of incorrectly assigned redshifts, visible as outliers in Figure 4.6,

particularly for faint galaxies. This will have an effect at every redshift, but lower

number counts and fainter galaxies at high redshift will mean that the effect has a

larger impact there. For this reason, galaxies in VIDEO-CFHTLS-W1 field in the
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Figure 5.2: Total magnitude differential number counts for galaxies de-
tected in the Ks-band in the VIDEO-CFHTLS-W1 and VIDEO-CFHTLS-
D1 field. The number counts for the VIDEO-CFHTLS-D1 field are shown
in red and the VIDEO-CFHTLS-W1 field in black. The Poisson uncertain-
ties are smaller than the symbol size. For comparison with other fields,
see Figure 4.4 in Chapter 4.

1.5 < z < 3.0 redshift range have not been analysed here.

5.3 Luminosity Functions

The VIDEO-CFHTLS-W1 luminosity functions were produced using the 1/Vmax method

in an identical way to the VIDEO-CFHTLS-D1 field, as described in Section 4.3.1.

The uniform Ks-band depth over the whole of the XMM-LSS field allows the Ks <

23.5 magnitude cut used in the 1/Vmax analysis in Chapter 4 to be applied here. The

shallower optical data will mean that the photometric redshifts are not as reliable in
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Figure 5.3: Redshift distribution of sources in the VIDEO-CFHTLS-W1
catalogue (red solid histogram), trimmed according to the criteria laid out
in Section 4.2.1. The black dashed line shows the redshift distribution
of the VIDEO-CFHTLS-D1 catalogue and the blue dotted line shows the
UDS sample used in Cirasuolo et al. (2010) both scaled to the size of
the VIDEO-CFHTLS-W1 catalogue. The inset shows a zoomed in region
comparing the distributions in the VIDEO CFHTLS-W1 field (red solid
histogram) and VIDEO-CFHTLS-D1 field (black dashed histogram) over
the range 2.5 < z < 4. The UDS catalogue has 25,564 sources, the VIDEO-
CFHTLS-D1 catalogue has 90,519 and the VIDEO-CFHTLS-W1 catalogue
has 281,299 sources.
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the VIDEO-CFHTLS-W1 field as in the VIDEO-CFHTLS-D1 field, particularly at

high redshift and for fainter sources as more galaxies will have faint apparent mag-

nitudes closer to the sensitivity limit of the optical data, and as such the analysis in

this Chapter has been limited to below 0.2 < z < 1.5.

The VIDEO-CFHTLS-W1 LF is shown in Figure 5.4, along with the VIDEO-

CFHTLS-D1 LF from Chapter 4 and the UKIDSS UDS LF from Cirasuolo et al.

(2010). The three determinations agree relatively well, with most points within 1−2σ

of each other up to z ≈ 1.5. Both the VIDEO-CFHTLS-W1 and VIDEO-CFHTLS-

D1 fields are slightly denser than the UDS LF in the 0.8 < z < 1.0 redshift bin with

most points consistently ∼ 1σ denser in the two VIDEO fields, which may be due to

large scale structure at this redshift.

Both the VIDEO-CFHTLS-W1 and the VIDEO-CFHTLS-D1 LFs clearly show

the upturn at the faint-end extending down to MKs = −17, most obvious in the

0.2 < z < 0.4 bin but also visible in the 0.4 < z < 0.6 bin. The VIDEO-CFHTLS-

W1 LF extends brighter than both the VIDEO-CFHTLS-D1 and the UDS LFs, due

to the increased area of 4.5 degree2 instead of 1 and 0.7 degree2 giving a higher chance

of finding rare, incredibly bright objects.

5.4 Fitted Schechter Functions in the VIDEO-CFHTLS-

W1 Field with CFHTLS-Wide

I used the same parameterisation as in Chapter 4, laid out in Equations 4.6 to 4.11.

As before, I used MCMC to fit the different evolutions.

5.4.1 Results

I present the best-fit solutions for evolving double Schechter functions fitted to the

VIDEO-CFHTLS-W1 LF. Luminosity dependent evolution, density dependent evo-
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Figure 5.4: 1/Vmax LF in the VIDEO-CFHTLS-W1 field. The red trian-
gles represent the 1/Vmax LF from the VIDEO-CFHTLS-W1 catalogue pre-
sented here and the black triangles are the 1/Vmax points from the VIDEO-
CFHTLS-D1 LF presented in Section 4.3.2. The blue open circles and the
solid blue line are the 1/Vmax LF and the best-fit evolving Schechter func-
tion obtained by maximum likelihood analysis from the UKIDSS Ultra
Deep Survey from Cirasuolo et al. (2010).
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lution and luminosity dependent density evolution are presented separately. Fig-

ures 5.5, 5.7 & 5.9 show the double schechter functions for the three types of evo-

lution corresponding to the median and best-fit values of the fit parameters, with

Figures 5.6, 5.8 & 5.10 showing the associated posterior PDFs for the different evolu-

tions with contours at the 95 and 68 per cent confidence levels plotted. The median

values for the parameters are listed in Table 5.1, along with the best-fit values and

the best-fit reduced χ2 values for each evolution.

As with the VIDEO-CFHTLS-D1 LF, pure luminosity evolution gives the worst

fit to the VIDEO-CFHTLS-W1 LF. The two fits to the evolution are in very good

agreement with each other, with the median parameters all agreeing to within 1σ. As

before, there is no need for a two-term luminosity evolution; kM1 and kM2 agree to

within 1σ and again, zc = 1.37 is very near the top of the redshift range, limiting the

effect kM2 has on the evolution. This is to be expected, given that the redshift range

studied only goes up to z = 1.5, and is analogous to the case in VIDEO-CFHTLS-D1

LF, where zc = 2.75 is also just inside the relevant redshift range. The evolution is

very gentle, producing a dimming of 0.2 mag from z ≈ 1.5 to z ≈ 0.3.

Density dependent evolution is a slightly better fit for the VIDEO-CFHTLS-W1

LF, and is also in very good agreement with the VIDEO-CFHTLS-D1 density depen-

dent evolution. As before, there is a very gentle evolution with kφ1 = −0.62 below

zc = 1.18 changing to a much faster one above it with kφ2 = −2.48. The best reduced

χ2 values for the luminosity and density dependent evolution are much more similar

here, which can be explained by the fact that for the bulk of the data, both cases

only need very weak evolution; the median value of kM1 agrees with no low-redshift

luminosity evolution (i.e. kM1 = 0) to within 1σ and the median value of kφ1 agrees

with no low-redshift density evolution (i.e. kφ1 = 0) to within 2σ. Pure luminos-

ity evolution has more trouble fitting the fainter end of the LF than pure density

evolution, but both cases struggle with the bright end of the highest redshift bin.

145



Figure 5.5: Median and best-fit double Schechter functions between
0.2 < z < 1.5 in VIDEO-CFHTLS-W1 with pure luminosity dependent
evolution. The fit parameters are listed in the first column of Table 5.1.
Black triangles are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines
are the double Schechter functions and the dotted and dashed lines show
the bright and faint parts of the double Schechter function respectively.
The best-fit evolution is shown in black and the median fit in red.

146



24
.0

23
.4

22
.8

M
∗ 1

1.
3

1.
2

1.
1

1.
0

α

1.
0

0.
5

0.
0

0.
5

k M
1

2.
4

1.
6

0.
8

0.
0

k M
2

3.
4

3.
2

3.
0

2.
8

log(φ∗1 )

0.
6

1.
2

1.
8

2.
4

z c

24
.0

23
.4

22
.8

M ∗
1

1.
3

1.
2

1.
1

1.
0

α
1.
0

0.
5

0.
0

0.
5

kM1

2.
4

1.
6

0.
8

0.
0

kM2

0.
6

1.
2

1.
8

2.
4

zc

19
.2

18
.8

18
.4

18
.0

M
∗ 2

3.
0

2.
5

2.
0

log(φ∗2 )

3.
0

1.
5

0.
0

1.
5

β

19
.2

18
.8

18
.4

18
.0

M ∗
2

3.
0

1.
5

0.
0

1.
5

β

Figure 5.6: Estimation of the posterior PDF for a double Schechter func-
tion with pure luminosity dependent evolution. The 2-D plots show the
marginalised PDF for each two parameters with contours plotted at the
95 and 68 per cent confidence levels, while the 1-D histograms show the
marginalised PDF for each parameter individually, with dotted lines show-
ing the 16th, 50th and 84th percentiles.
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Figure 5.7: Median and best-fit double Schechter functions between 0.2 <
z < 1.5 in VIDEO-CFHTLS-W1 with pure density dependent evolution.
The fit parameters are listed in the middle column of Table 5.1. Black
triangles are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines are
the double Schechter functions and the dotted and dashed lines show the
bright and faint parts of the double Schechter function respectively. The
best-fit evolution is shown in black and the median fit in red.
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Figure 5.8: Estimation of the posterior PDF for a double Schechter func-
tion with pure density dependent evolution. The 2-D plots show the
marginalised PDF for each two parameters with contours plotted at the
95 and 68 per cent confidence levels, while the 1-D histograms show the
marginalised PDF for each parameter individually, with dotted lines show-
ing the 16th, 50th and 84th percentiles.
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Figure 5.9: Median and best-fit double Schechter functions between
0.2 < z < 1.5 in VIDEO-CFHTLS-W1 with luminosity dependent density
evolution. The fit parameters are listed in the last column of Table 5.1.
Black triangles are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines
are the double Schechter functions and the dotted and dashed lines show
the bright and faint parts of the double Schechter function respectively.
The best-fit evolution is shown in black and the median fit in red.
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Figure 5.10: Estimation of the posterior PDF for a double Schechter func-
tion with luminosity dependent density evolution. The 2-D plots show
the marginalised PDF for each two parameters with contours plotted at
the 95 and 68 per cent confidence levels, while the 1-D histograms show
the marginalised PDF for each parameter individually, with dotted lines
showing the 16th, 50th and 84th percentiles.
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Again, the best fit is given by luminosity dependent density evolution, which is also

in very good agreement with the VIDEO-CFHTLS-D1. There is a gentle dimming of

0.8 mags from z = 1.5 to z = 0.3, while the volume density has slightly more than

doubled. Most of the evolution is governed by the low redshift evolutionary term (kM1

and kφ1) for both the luminosity and density dependent aspects, as can be expected

from the reduced redshift range. Both the luminosity and density dependent parts of

the evolution are stronger than they were individually, as before. As can be seen from

Figure 5.10, kφ1 and kM1, and kφ2 and kM2 are highly correlated, with most of the

probability density split between either low kφ and low kM , or high kφ and high kM ,

meaning that the luminosity and density evolutionary parameters are always working

to balance each other. The best reduced χ2 values for all three fits are much closer

than in the VIDEO-CFHTLS-D1 field, which is unsurprising given that the data is

mostly in the weak evolutionary regime, with only one redshift bin constraining kφ2

and kM2.

5.4.2 Comparison with UDS

As in Chapter 4, I have also fitted double Schechter functions evolving according to the

parameterisation in Cirasuolo et al. (2010) laid out in Equations 4.10 and 4.11. Here

I present Schechter functions with pure luminosity evolution, pure density evolution

and luminosity dependent density evolution.

Figure 5.11 shows the median and best fits for luminosity dependent evolution,

with the associated posterior PDF shown in Figure 5.12 with 1 and 2σ contours

plotted on it. Figure 5.13 shows the median and best fits for density dependent

evolution with associated contour plots in Figure 5.14, and Figure 5.15 shows the

median and best-fit Schechter functions with luminosity dependent density evolution

with the associated contour plots in Figure 5.14. The median and best-fit values

for each parameterisation are listed in Table 5.2, with the best available reduced
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Table 5.1: The median double Schechter parameters and best-fit reduced
χ2 from Equation 4.6 with luminosity dependent evolution, density de-
pendent evolution or luminosity dependent density evolution according
to either Equation 4.8 or Equation 4.7, or both, fitted to the VIDEO-
CFHTLS-W1 LF.

Evolution type

M∗
1 only φ∗1 only M∗

1 & φ∗1 both

Median values

log10(φ∗1z/Mpc−3) −2.93+0.13
−0.15 −2.90+0.17

−0.12 −2.90+0.08
−0.08

M∗
1z −23.48+0.37

−0.45 −23.41+0.28
−0.44 −23.72+0.24

−0.28

α −1.17+0.06
−0.06 −1.09+0.13

−0.10 −1.15+0.07
−0.08

kφ1 0 (fixed) −0.62+0.54
−0.79 −1.15+0.24

−0.32

kφ2 0 (fixed) −2.48+0.76
−0.33 −3.18+0.50

−0.27

km1 −0.29+0.47
−0.43 0 (fixed) −1.06+0.32

−0.33

km2 −0.47+0.30
−0.40 0 (fixed) −0.91+0.33

−0.28

zc 1.37+1.37
−0.46 1.18+0.72

−0.22 1.25+0.19
−0.40

log10(φ∗2/Mpc−3) −2.47+0.17−0.22 −2.35+0.33
−0.39 −2.66+0.17

−0.16

M∗
2 −17.98+0.18

−1.16 −18.12+1.04
−1.01 −18.15+0.37

−0.64

β −0.31+0.69
−1.87 −0.96+1.21

−2.06 −1.83+0.54
−0.75

Best-fit values

log10(φ∗1z/Mpc−3) −2.84+0.22
−0.13 −2.72+0.13

−0.17 −2.78+0.13
−0.07

M∗
1z −23.65+0.13

−0.23 −23.52+0.10
−0.19 −23.65+0.07

−0.10

α −1.18+0.14
−0.28 −1.12+0.09

−0.19 −1.11+0.07
−0.11

kφ1 0 (fixed) −0.04+0.12
−0.18 −0.89+0.15

−0.08

kφ2 0 (fixed) −2.34+0.19
−0.09 −3.41+0.10

−0.22

km1 −0.01+0.24
−0.14 0 (fixed) −0.79+0.17

−0.10

km2 −0.40+0.14
−0.16 0 (fixed) −1.29+0.09

−0.15

zc 1.17+0.15
−0.41 1.00+0.10

−0.21 1.00+0.11
−0.09

log10(φ∗2/Mpc−3) −3.00+0.29−0.14 −2.46+0.08
−0.18 −2.56+0.18

−0.11

M∗
2 −19.03+0.15

−0.40 −18.13+0.11
−0.20 −18.77+0.11

−0.22

β −2.40+0.22
−0.24 −3.04+0.16

−0.15 −2.63+0.22
−0.24

χ2 (reduced) 1.76 1.44 1.26
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Figure 5.11: Median and best-fit double Schechter functions between
0.2 < z < 1.5 in VIDEO-CFHTLS-W1 with pure luminosity dependent
evolution following the Cirasuolo et al. (2010) parameterisation. The fit
parameters are listed in the first column of Table 5.2. Black triangles
are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines are the dou-
ble Schechter functions and the dotted and dashed lines show the bright
and faint parts of the double Schechter function respectively. The best-fit
evolution is shown in black and the median fit in red.
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Figure 5.12: Estimation of the posterior PDF for a double Schechter func-
tion with pure luminosity dependent evolution following the Cirasuolo
et al. (2010) parameterisation. The 2-D plots show the marginalised PDF
for each two parameters with contours plotted at the 95 and 68 per cent
confidence levels, while the 1-D histograms show the marginalised PDF
for each parameter individually, with dotted lines showing the 16th, 50th
and 84th percentiles.
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Figure 5.13: Median and best-fit double Schechter functions between
0.2 < z < 1.5 in VIDEO-CFHTLS-W1 with pure density dependent evo-
lution following the Cirasuolo et al. (2010) parameterisation. The fit pa-
rameters are listed in the second column of Table 5.2. Black triangles
are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines are the dou-
ble Schechter functions and the dotted and dashed lines show the bright
and faint parts of the double Schechter function respectively. The best-fit
evolution is shown in black and the median fit in red.
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Figure 5.14: Estimation of the posterior PDF for a double Schechter func-
tion with pure density dependent evolution following the Cirasuolo et al.
(2010) parameterisation. The 2-D plots show the marginalised PDF for
each two parameters with contours plotted at the 95 and 68 per cent con-
fidence levels, while the 1-D histograms show the marginalised PDF for
each parameter individually, with dotted lines showing the 16th, 50th and
84th percentiles.

157



Figure 5.15: Median and best-fit double Schechter functions between
0.2 < z < 1.5 in VIDEO-CFHTLS-W1 with luminosity dependent den-
sity evolution following the Cirasuolo et al. (2010) parameterisation. The
fit parameters are listed in the third column of Table 5.2. Black triangles
are the VIDEO-CFHTLS-W1 1/Vmax points, the solid lines are the dou-
ble Schechter functions and the dotted and dashed lines show the bright
and faint parts of the double Schechter function respectively. The best-fit
evolution is shown in black and the median fit in red.
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Figure 5.16: Estimation of the posterior PDF for a double Schechter func-
tion with luminosity dependent density evolution following the Cirasuolo
et al. (2010) parameterisation. The 2-D plots show the marginalised PDF
for each two parameters with contours plotted at the 95 and 68 per cent
confidence levels, while the 1-D histograms show the marginalised PDF
for each parameter individually, with dotted lines showing the 16th, 50th
and 84th percentiles.
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χ2 quoted as well. As with the evolution presented for the VIDEO-CFHTLS-D1

feld in Chapter 4, pure luminosity dependent evolution produces the highest reduced

χ2, followed by pure density dependent evolution giving an intermediate fit, with

luminosity dependent density evolution giving the best fit and lowest reduced χ2.

However, as with the results presented in Section 5.4.1, the difference between the

three cases is much less extreme for this reduced redshift range. Pure luminosity

evolution struggles more with the faint end (particularly at low redshift) and the

knee (particularly at high redshift) of the LF and pure density dependent evolution

has difficulty with the bright end of the LF, particularly in the highest redshift bin.

This is still a small problem for the luminosity dependent density evolution in the

highest redshift bin, but the fit is good elsewhere.

As in the VIDEO-CFHTLS-D1 field, the median parameters here mostly agree to

within 1σ with the parameters measured in the UDS field, with the notable exceptions

of φ∗1, the volume density of the brighter Schechter function at z = 0, and kφ. As

before, this may be because of the noticeable upturn at faint magnitudes in the

two lowest redshift bins, although this appears to be well described by the fainter

Schechter function. It is also worth noting that M∗
1 is fixed in Cirasuolo et al. (2010)

at a value that is a slightly fainter than the value found here, which would require a

slightly higher volume density, making the discrepancy slightly worse.

Unlike in Chapter 4, the different forms of evolution presented in Section 5.4.1 and

Section 5.4.2 have much more similar reduced χ2s, mostly due to the fact that the

redshift range discussed here probes below the change in behaviour seen previously.

The qualitative forms of the luminosity and density evolutions are much more similar

up to z = 1.5, as can be seen from Figure 5.17, where the blue and red lines showing

the two forms of evolution are very similar at all three redshifts, and they produce

very similar dimming from z = 1.5 to z = 0.3 of 0.7 mags in Section 5.4.1 and 0.5

mags in Section 5.4.2, along with a comparable change in volume density, roughly
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Table 5.2: The median double Schechter parameters and best reduced χ2

from Equation 4.6 with luminosity dependent evolution, density dependent
evolution or luminosity dependent density evolution taken from Cirasuolo
et al. (2010), according to either Equation 4.11 or Equation 4.10, or both,
fitted to the VIDEO-CFHTLS-W1 LF, along with the best-fit parameters
single Schechter parameters from the UDS.

Evolution type

M∗
1 only φ∗1 only M∗

1 & φ∗1 both UDS

Median values

log10(φ∗10/Mpc−3) −2.44+0.20
−0.41 −2.66+0.15

−0.17 −2.58+0.06
−0.07 −3.46± 0.05

M∗
10 −22.41+1.64

−0.19 −22.52+0.41
−0.33 −22.77+0.51

−0.25 −22.26 (fixed)

α −1.07+0.06
−0.07 −1.12+0.12

−0.12 −1.14+0.19
−0.05 −1.07± 0.1

kφ 0 (fixed) 1.07+0.09
−0.14 1.01+0.08

−0.11 1.47± 0.1

zφ - 1.79+0.45
−0.38 1.65+0.52

−0.41 1.70± 0.09

km 0.22+0.07
−0.16 0 (fixed) 0.53+0.22

−0.46 0.47± 0.2

zm 1.53+0.18
−0.26 - 1.53+0.47

−0.13 1.78± 0.15

log10(φ∗2/Mpc−3) −2.37+0.14
−0.15 −2.57+0.32

−0.15 −2.49+0.52
−0.15 -

M∗
2 −18.14+0.69

−0.52 −18.36+0.95
−0.89 −18.28+0.79

−0.64 -

β −0.70+1.36
−0.63 −1.86+1.00

−0.87 −1.532.00
−0.42 -

Best-fit values

log10(φ∗10/Mpc−3) −2.37+0.12
−0.49 −2.81+0.26

−0.18 −2.61+0.05
−0.38 −3.46± 0.05

M∗
10 −22.66+0.34

−0.16 −22.76+0.26
−0.19 −22.91+0.05

−0.38 −22.26 (fixed)

α −1.05+0.27
−0.47 −1.27+0.10

−0.14 −1.20+0.12
−0.29 −1.07± 0.1

kφ 0 (fixed) 1.08+0.07
−0.25 1.06+0.07

−0.05 1.47± 0.1

zφ - 2.85+0.04
−0.09 1.54+0.05

−0.28 1.70± 0.09

km 0.13+0.28
−0.43 0 (fixed) 0.52+0.05

−0.28 0.47± 0.2

zm 1.45+0.27
−0.34 - 1.43+0.05

−0.37 1.78± 0.15

log10(φ∗2/Mpc−3) −2.53+0.27
−0.34 −2.70+0.26

−0.17 −2.46+0.06
−0.06 -

M∗
2 −18.40+0.48

−0.18 −18.62+0.24
−0.09 −18.28+0.06

−0.07 -

β −1.06+0.13
−0.27 −1.96+0.20

−0.12 −2.050.11
−0.30 -

χ2 (reduced) 2.09 1.67 1.22 -
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doubling the number of galaxies over the same redshift range. Combined, they give

evidence for a gentle evolution since z = 1.5 of slowly increasing numbers of galaxies

that are gradually dimming overall.

The upturn at the faint-end of the LF in the lowest redshift bins is more pro-

nounced in the VIDEO-CFHTLS-W1 LF than the VIDEO-CFHTLS-D1 LF presented

in Chapter 4, making a double Schechter function more necessary than in VIDEO-

CFHTLS-D1 (a comparison of a single and double Schechter function is shown in

Figure 4.10). All of the fits describe the upturn at the faint end of the LF at low

redshift with the fainter of the two Schechter functions, either with a steep faint-end

slope, β, which is favoured by almost all of the best-fit double Schechter functions, or

with a high φ∗2 providing a bump over the necessary magnitude range. The contours

in Figures 5.6, 5.8, 5.10, 5.12, 5.14 & 5.16 show a wide range in β, as is obvious from

the errors in Tables 5.1 & Tables 5.2, though it tends to be correlated with φ∗2, the

volume density of the fainter Schechter function. Either a very negative β or a high φ∗2

will produce an upturn in the faint-end slope, although most of the fits prefer a steep

β. In particular, the contours for the two parameterisations of luminosity dependent

density evolution in Figures 5.10 & 5.16 will allow only either an extremely steep β

or a high φ∗2, with best-fits preferring and extreme β, while the fits corresponding to

the median values are caught between the two peaks of the PDF.

As with Chapter 4, a similar multimodality affects many of the parameters, with

several instances of degeneracy. The most obvious case is in the parameters describing

the faint Schechter function for the luminosity dependent density evolution following

the parameterisation of Cirasuolo et al. (2010) shown in Figure 5.16, as could be ex-

pected by the fact that in the region constrained by data, a very steep faint-end slope

β or a high φ∗2 both look very similar, although they are extremely different elsewhere,

where there are no constraints. The Cirasuolo et al. (2010) parameterisation also has

a lot of degeneracy in the various redshift evolution parameters, as it is most sensitive
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to change at higher redshift (at z ∼ zφ and z ∼ zM) where it is weakly constrained.

Similarly, α, the faint end slope of the brighter Schechter function shows some degen-

eracy, as it describes a region also being described by three other parameters, namely

the fainter Schechter function. As suggested before, this may show that, despite the

low redshift upturn in the faint-end of the LF, a single Schechter function may provide

a clearer picture, or a simpler form of evolution which uses local measurements for

the values of the characteristic luminosity and density at z = 0.

5.5 Discussion

Before discussing the implications of the results presented in Section 5.4.1, I will first

discuss the effect of photometric redshift uncertainties. Throughout my analysis I

have assumed that the photometric redshifts in the VIDEO-CFHTLS-D1 and -W1

catalogues are correct. Errors on photometry, the width of the photometric bands and

unconstrained sections of the SED will all add to the uncertainty on the photometric

redshift for a galaxy; the fitting code provides a probability distribution giving the

most likely redshift for each galaxy, used here, but also the probability that the

galaxy is actually at a different redshift. This may be a small difference due to

the width of probability peak at the best-fit redshift, or it may be large if there is

a secondary peak elsewhere in the distribution. This will cause an uncertainty in

the absolute magnitude of the galaxy, and so will mean that it contributes to the

volume density of the wrong magnitude bin, or even the wrong redshift slice. In

order to address this uncertainty, one would need to create mock catalogues where

the redshifts are perturbed according to the redshift probability distribution and use

these catalogues to create LFs, measuring the perturbing effect on the LF and so

producing error bars accounting for photometric redshift uncertainties. This is a

difficult process as the probability distributions only reflect how easy it is to fit the
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Figure 5.17: Comparison of the median LFs from Section 5.4.1 (red) and
Section 5.4.2 (blue) at z ≈ 0.3 (top panel), z ≈ 0.7 (middle panel) and
z ≈ 1.5 (bottom panel). As before, the brighter Schechter function is
shown in dotted lines, the fainter Schechter function is shown in dashed
lines and the full double Schechter function is shown in solid lines.
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data to a SED at a particular redshift, rather than the true probability that a galaxy

is at a particular redshift, and so they can be misleading. Improved photometric

redshift fitting with, for instance, some accounting for how likely different SEDs

are, would produce more realistic redshift probability distributions, as well as more

better photometric redshifts, leading to a better ability to account for this source of

uncertainty.

As in Chapter 4, I find a combined evolution in density and luminosity to be

the best fit to the VIDEO-CFHTLS-W1 LFs. Both forms of evolution presented in

Section 5.4.1 and Section 5.4.2 represent a constant change in both luminosity and

volume density that adds up to a decrease in M∗ of ∆M = 0.6 from z = 1.5 to

z = 0.3 and while φ∗ has increased two and a half times over the same redshift

range. The VIDEO-CFHTLS-W1 Ks-band LF at z < 1.5 undergoes a mixture of

slow luminosity evolution dominated by passive ageing of the stellar populations in

the largest galaxies, and slow density evolution as mergers take a dominant role in

evolving the number density of galaxies.

This evolution is consistent with what was measured in the VIDEO-CFHTLS-

D1 field as well as with several previous studies such as Caputi et al. (2006), who

measure the Ks-band LF of 2905 galaxies in the 131 arcmin2 GOODS Chandra Deep

Field South out to z ≈ 2.5, Cirasuolo et al. (2010) who measure the K-band LF of

50,000 galaxies up to z ≈ 4 in the 0.7 degree2 UDS, and Cool et al. (2012), who

measure the optical luminosity function of 12,500 spectroscopically selected galaxies

from 0.05 < 0.75 over the 7.6 degree2 Boötes field. However, it is at odds with the

decrease in the volume density since z ≈ 0.65 measured in Loveday et al. (2015), who

present the ugriz′ LFs of 170,000 galaxies in the 180 degree2 GAMA-II survey, but

they postulate this may be due to a local underdensity masquerading as evolution.

The obvious upturn in the faint-end of the low-redshift LF fainter thanMK ∼ −20

necessitates the use of a double Schechter function, as found by Loveday et al. (2012)
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at z < 0.5 (though they only see an upturn at z < 0.1, and do not reach faint enough

at higher redshifts to see any upturn; their z′-band LF only goes down to Mz′ = −22

at z ≈ 0.15, compared to MK = −17.5 at z ≈ 0.3 reached here) and by Blanton

et al. (2005) at extremely low redshift. The steepness of the faint-end slope is likely

to be slightly underestimated due to the correlation between luminosity and surface

brightness (Cameron & Driver, 2007; Driver, 1999) introducing an observational bias

that tends to undercount dwarf galaxies. Blanton et al. (2005) and Geller et al. (2012)

both find that a careful consideration of the completeness of low surface brightness

galaxies causes the measured faint-end slope to steepen. It is worth emphasising that

for this reason the steepening of the faint-end slope between the three lowest redshift

LFs presented here and in Chapter 4 (particularly visible between the two lowest

redshift LFs in this Chapter) is unlikely to be due to evolution and is more likely to

be an effect of the incompleteness of low surface brightness galaxies, which is worse

at fainter apparent magnitude and will increasingly flatten the faint-end of the LF in

the higher redshift bins.

Baldry et al. (2008) suggest that the increase in number density at low luminosities

and low stellar mass may be due to the efficiency of the feedback mechanisms in this

luminosity range levelling off with luminosity, rather than continuing to increase in

efficiency with decreasing luminosity. The correlation between luminosity and surface

brightness will mean that the faint-end of the LF is increasingly dominated by low

surface brightness galaxies at lower luminosities (as seen at low redshift by Blanton

et al., 2005). Low surface brightness galaxies have been seen to have very low star

formation rates compared to equivalent luminosity galaxies of higher surface bright-

ness (O’Neil et al., 2007; van Zee, 2001). They appear to be less efficient at converting

their gas into stars than higher surface brightness galaxies (Schombert et al., 2001),

with star formation rate efficiencies an order of magnitude lower (Boissier et al., 2008),

as well as having a history of very low star formation rates (Schombert et al., 2001)
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and present day populations of very young stars. O’Neil et al. (1998) suggest that the

star formation histories of low surface brightness galaxies may only be explainable by

a fundamentally different form of star formation. Given this combination of reduced

star formation rate efficiency and a low star formation history compared to higher

surface brightness galaxies of equivalent mass and luminosity, it may be that star

formation and supernovae have less of a feedback effect on these galaxies, and so on

the very faint end of the LF where they come to dominate.

5.6 Conclusions

I have presented the rest-frame Ks-band luminosity functions out to z = 1.5 for the

VIDEO-CFHTLS-W1 field, where the combination of large area and deep IR and

optical imaging provides a vast number of objects with photometric redshifts. I have

used the 1/Vmax method to measure the luminosity functions of these objects over

the range of 0.2 < z < 1.5 in 6 redshift slices.

The fact that the VIDEO-CFHTLS-W1 field has such a large area has allowed

me to probe very large volumes in every redshift slice, producing robust volume

densities as bright as M = -26 at z = 1.5 and M = -25 at z = 0.2, allowing for

the measurement of the bright end and the knee of the LF as well as constraining

the luminosity and density evolution over this redshift range. I find an increase in

characteristic magnitude and a decrease in density with redshift, with galaxies at

z = 1.5 approximately 0.6 magnitudes brighter and 2.5 times less dense than at low

redshift. The high sensitivity has allowed me to reach down to very faint apparent

magnitudes and capture the beginning of the upturn of the faint-end of the LF at

z ∼ 0.2−0.6, providing constraints in this crucial luminosity regime that is so sensitive

to feedback from supernovae and star formation.
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Chapter 6

Comparison of the VIDEO

Luminosity Functions with the

Horizon-AGN Simulation

6.1 Introduction

Observational astronomy is unable to frame an experiment and instead can only

observe what already exists. For this reason, it is crucial to compare observations to

simulations as this is a key way of testing our assumptions about the physics that

govern the evolution of our Universe. For galaxy evolution, this means modelling the

formation of structure using large simulations set within the ΛCDM paradigm and

accounting for gravity, hydrodynamics, black hole growth, star formation, feedback

from AGN and supernovae, and the creation of different stellar populations and levels

of chemical enrichment.

There are two main routes to modelling galaxy evolution; the most direct is a

numerical hydrodynamic simulation which solves the equations of gravity, thermal

physics and hydrodynamics for all of its particles, representing stars, gas and dark
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matter and tracing the evolution of all three as well as heavy metals (e.g. Sijacki et al.

2015; Springel 2010; Vogelsberger et al. 2014). However, this method is extremely

computationally expensive, making it difficult to cover the very large range in scale

necessary to fully describe galaxy evolution, and normally resorts to sub-grid pre-

scriptions of the smaller scale processes such as black hole growth, star formation and

feedback mechanisms which are then difficult to test comprehensively. Alternatively,

semi-analytical modelling (SAM; e.g Somerville et al. 2008; White & Frenk 1991;

White & Rees 1978) can be used to simulate galaxies over very large ranges and vol-

umes and to test a wide range of the sub-grid physics used to describe processes below

the resolution of a simulation by comparison with observations. The combination of

these two methods allows for a semi-direct way of modelling the formation of galax-

ies and extra-galactic structure that uses sub-grid physics that has been tested and

tuned to agree with a restricted set of observations (e.g. Dubois et al. 2012; Schaye

et al. 2015; Vogelsberger et al. 2013), usually at z = 0, such as the proportionality

constant between gas density and star formation density (Kennicutt, 1998; Krumholz

& Tan, 2007), the local supermassive black hole density (Shankar et al., 2004), the

correlations between black hole mass and bulge mass (Häring & Rix, 2004) or black

hole mass and velocity dispersion (Tremaine et al., 2002), the stellar mass-halo mass

relation as measured with abundance matching (Guo et al., 2010; Moster et al., 2010,

2013), stellar mass functions (Baldry et al., 2008) or the cosmic SFRD (Behroozi

et al., 2013; Hopkins & Beacom, 2006).
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Figure 6.1: A 14 arcmin2 simulated composite image from Horizon-AGN
in the u, r and z filters. The resolution is 0.15"/pixel and the image is
computed using star particles in the redshift range 0.1 < z < 5.8. Dust ex-
tinction is not taken into account. Figure and caption taken from Kaviraj
et al. (2016).
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6.2 Comparing the Ks-band VIDEO Luminosity

Functions with the Horizon-AGN simulation

6.2.1 Description of the Horizon-AGN simulation

Horizon-AGN is a large cosmological hydrodynamical simulation that uses the adap-

tive mesh refinement code RAMSES (Teyssier, 2002). It is described fully in Dubois

et al. (2012) and Dubois et al. (2014), and briefly in Kaviraj et al. (2016). The

simulation box is 100 h−1 Mpc on a side, corresponding to an angle of ∼ 6.7 de-

grees at z = 0.3 and ∼ 1.7 degrees at z = 1.7, with 10243 dark matter particles.

The simulation uses cosmological values measured from the CMB in the WMAP 7

year release (Komatsu et al., 2011) and local measurements of the efficiency with

which stars are formed for a given gas density (Kennicutt, 1998; Krumholz & Tan,

2007). It is tested against local supermassive black hole characteristics: the local

number density (Shankar et al., 2004) and the correlations between black hole mass

and velocity dispersion (Tremaine et al., 2002), and black hole mass and bulge mass

locally (Häring & Rix, 2004), and galaxy colours are dust-calibrated using the ratio

of dust to gas metal mass (Draine et al., 2007).

The observables compared to here are produced by first identifying galaxies using

the structure finder AdaptaHOP (Aubert et al., 2004; Tweed et al., 2009), where local

densities that are 178 times denser than the average and consist of more than 50 star

particles are selected. Each star particle is treated as a simple stellar population, and

fluxes and magnitudes are calculated using the mass and metallicity of the star particle

combined with the stellar models from Bruzual & Charlot (2003) with a Chabrier

(2003) initial mass function. These are then combined to produce the total SED for

a particular galaxy. Dust attentuation is calculated using the SUNSET code, where

gas density and metallicity are extracted from the simulation and used to find the

dust mass, assuming a dust-to-metal ratio of 0.4. This is used to produce a column
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density and line-of-sight optical depth with the R = 3.1 Milky Way dust grain model

from Weingartner & Draine (2001). The spatial distribution of the dust is given

by the spatial distribution of the metallicity, and the contribution from each star

particle is summed to give a total dust-corrected SED. This is then used to produce

fluxes and magnitudes by convolving with the required filter curves and extracting

the magnitudes with a Petrosian aperture (Blanton et al., 2001; Petrosian, 1976). For

the Ks-band, the dust is not expected to have a large effect and the dust-corrected

and uncorrected LFs were found to be virtually identical (Kaviraj et al., 2016).

For the Horizon-AGN simulation, the feedback from star formation and super-

novae necessary to flatten the faint end of the LF takes the form of enrichment and

the injection of momentum and mechanical energy from Type Ia and Type II su-

pernovae, as well as feedback from stellar winds in e.g. Wolf-Rayet stars and the

asymptotic giant branch. Mass, momentum and kinetic energy are injected from su-

pernovae and stellar winds into the ISM by temporarily switching off gas cooling while

a blast wave propagates. The energy, mass and momentum are released locally into

the surrounding gas by a spherical blast wave approximately 10 Myr after the birth

of a star cluster particle. The feedback from Type Ia supernovae comes mainly in the

form of enrichment, as they contribute ≈ 50 per cent of the iron from supernovae,

but only ≈ 10 per cent of the total kinetic energy.

AGN feedback, the preferred mode of limiting the size and luminosities to which

the biggest galaxies can grow, is input as either the radio or quasar mode, depending

on the accretion rate of the black hole computed at each timestep. The quasar mode

takes place when the central black hole has a high accretion rate (> 1 per cent of its

Eddington rate) and releases energy radiatively. The rest-mass energy of the accreted

gas is stored until it is sufficient to raise the temperature of the gas around the black

hole above 107 K, at which point it is released as thermal energy in a bubble around

the black hole with an efficiency of coupling between the radiated energy and the gas
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of 1.5 per cent.

The radio mode describes the situation when the central black hole has a low

accretion rate (< 1 per cent of its Eddington rate) and produces a kinetic jet. This is

modelled in Horizon-AGN by spreading the mass, momentum and energy of a jet-like

outflow over a cylinder around the black hole, in a way that describes the wind that

carries most of the momentum arising from a larger region surrounding the black

hole. Feedback via the radio mode has a much higher efficiency of ∼ 10 per cent.

6.2.2 Comparison between the observed and predicted Lu-

minosity Functions

In Figure 6.2, I compare the two Ks-band LFs measured in the 1 degree2 VIDEO-

CFHTLS-D1 field and the 4.5 degree2 VIDEO-CFHTLS-W1 field with the predicted

K-band LFs at z = 0.3, z = 0.9 and z = 1.7 from the Horizon-AGN simulation (Kavi-

raj et al., 2016). The best agreement occurs at the lowest redshift compared, z ≈

0.3, where the knee and the bright end of the LFs match well although the faint end

is over-predicted, with the simulated number densities twice as high as the observed

number densities. The over-prediction of faint galaxies gets worse with redshift, with

the predicted LF more than three times higher than the observed LF belowMK = −23

at z = 1.7. While this is the main difference, I also find that at z = 0.9 and z = 1.7

the simulation under-predicts the number density of the very brightest galaxies, and

is a factor of four less dense than the observed number density in the brightest bin

at both z = 0.9 and z = 1.7.
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Figure 6.2: Ks-band luminosity functions in the 4.5 degree2 VIDEO-
CFHTLS-W1 field presented in Chapter 5 (red crosses with red dotted
line), the 1 degree2 VIDEO-CFHTLS-D1 field presented in Chapter 4
(black triangles with black dashed line) along with the predicted K-band
luminosity function from the Horizon-AGN simulation (Kaviraj et al.,
2016) (green circles with solid green lines). The simulated LFs are at
z = 0.3 (top panel), z = 0.9 (middle panel) and z = 1.7 (bottom panel).
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6.3 Discussion

6.3.1 The faint end of the luminosity function

The over-prediction of faint galaxies is a problem that affects many simulations and

represents one of the areas where it is most difficult to fully describe the physics that

determines the shape of the LF. The form of the luminosity function for the faintest

galaxies is set by feedback from supernovae and star formation. The disagreement

here may imply that there is missing physics that is not being accounted for by the

simulation which would increase the efficiency of the feedback, or that the feedback

that is included is not strong enough in small haloes to regulate star formation, which

would boost the size of the galaxies within them.

There is evidence that describing behaviours on a smaller scale than is possible

in the Horizon-AGN simulation may make SN feedback much more effective, such

as increasing the strength of the star formation driven winds, either by adopting

the enhanced star formation rates seen in clusters (Agertz & Kravtsov, 2015) or by

including the clumpyness of the interstellar medium, which allows for enhanced wind

speeds along low density channels (Kimm et al., 2015). There is also likely a resolution

effect in the smallest galaxies as the size of the star particles becomes comparable to

the size of the galaxy, allowing for no internal structure and thus no treatment of the

variation in feedback efficiency with the location of any particular supernova or burst

of star formation.

The method of implementing feedback from star formation and supernovae used

here, that of a blast wave with delayed cooling, has been seen to overproduce star

formation rates particularly at high redshift, but still noticeably at low redshift, which

would match the disparity in faint number densities seen here. Stinson et al. (2013)

found that adding a prescription for feedback from early star formation in the form of

a photo-ionising background, to mimic the UV flux and stellar outflows from young
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stars as soon as they formed, counteracted this for a single galaxy simulation, implying

that something similar may be necessary here.

Gas in small galaxies can also be removed by external means that can be dependent

on environment. Marasco et al. (2016) find that for satellite galaxies in groups, gas

removal at z = 0 is mostly due to the ram pressure of the IGM, but that galaxies which

have already lost their gas by z = 0 were mostly stripped of it by tidal disruption

caused by interactions between satellite galaxies, both of which will be dependent

on environment (they suggest this is due to the fact that tidal stripping has a very

short timescale, stopping it from being dominant at any one redshift, but has the

largest aggregate effect). As this is the larger effect over a range of redshift, it may be

that the difficulty in resolving the large numbers of small satellites in massive haloes

results in an underestimate of the effect this would have on star formation in small

galaxies. McGee et al. (2014) find that satellite galaxies in clusters, where the intra-

cluster medium is too hot for gas to easily condense, quench themselves by outflows

from star formation and supernovae driving gas out of the galaxy, at which point it

is unable to recondense. Both of these results will mean that environment can play a

very large role in determining the star formation and survival rates of small galaxies,

and so need to be considered in a more comprehensive way in the simulation.

Finally, it is worth mentioning that there is also an observational bias at work

in the lowest redshift bin, as faint low surface brightness galaxies are much harder

to identify than high surface brightness galaxies of the same apparent magnitude,

which, combined with the correlation between low luminosity and low surface bright-

ness (Cameron & Driver, 2007; Driver, 1999), will lead to the observed LF slightly

underestimating the number densities of the dwarf galaxies that make up the faint

end of the intrinsic LF. This can be seen by the steepening of the faint-end of the

measured LF when accounting for surface brightness incompleteness (Blanton et al.,

2005; Geller et al., 2012), showing intrinsically higher number densities of faint galax-
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ies that will be closer to the high number densities found in simulations. However, the

disagreement in the lowest redshift bin is far brighter than the limit of the data, and

at high redshift, is bright enough that low surface galaxies would not be dominant,

implying any correction to the observed LF would be very small.

6.3.2 The bright end of the luminosity function

Unlike the discrepancies at the faint end of the LF, the tension seen at the bright

end of the LF is less common than tension at the faint end when comparing observed

and simulation measurements. The form of the LF in the brightest regime is gen-

erally determined by feedback from AGN either in the radio mode or quasar mode.

The radio mode is observationally seen to be predominantly at low redshift in the

largest cluster galaxies, forming hot bubbles of gas visible in X-ray in the intra cluster

medium. The quasar mode is mostly seen at high redshift when the AGN is young,

and is thought to eventually lead to the shutting off of accretion to the black hole

and self-termination. This mode peaks at z ∼ 1−3 (e.g. Croom et al. 2001; Richards

et al. 2009).

The redshift dependence of these modes in the Horizon-AGN simulation can be

seen in Figure 6.3 taken from Dubois et al. (2012), which shows the relative contri-

butions to the AGN LF by objects in the radio and quasar mode for two simulations

of different resolution (the simulation shown in the left panels has twice the resolu-

tion of the one on the right, with a minimum resolution at z = 0 of 0.76 kpc h−1

instead of 1.52 kpc h−1). Most of the AGN activity is due to objects accreting in the

quasar mode until z ∼ 2, at which point they are overtaken by objects accreting in

the radio mode. As the discrepancy in the bright end is worse at high redshift, this

implies it may be to do with either the quasar mode or the changeover between the

two. Comparing the redshift dependence for the two simulations shown in Figure 6.3,

the higher resolution simulation has a sharper peak with redshift in the quasar mode
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Figure 6.3: The contributions of objects in the radio and quasar mode to
the total AGN LF at different redshifts in two Horizon-AGN runs with
different resolutions. The simulation on the left has twice the resolution
compared to the simulation on the right. The total LF is shown in a solid
line, the contribution from the radio mode in a dotted line and from the
quasar mode in a dashed line. Figure taken from Dubois et al. (2012).
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which declines faster and earlier than the lower resolution simulation. This suggests

that the issue may be resolution-based, as a faster decline at earlier times would lessen

the effect of the quenching. Both modes are also modelled in ways that neglect phys-

ical aspects that will have an effect on them, such as the X-ray photons released by

quasars which will have a non-negligible effect on radiative transfer, and the fact the

jets in the radio mode would be affected by the presence of non-thermal cosmic rays

and a strong magnetic field (Dubois et al., 2012). It is also possible that resolution

is affecting the way the AGN LF has been calculated rather than the behaviour of

the simulation itself; any such problem would also affect the galaxy LF and so may

be adding to the discrepancy.

There is a population of quasar-mode objects that have powerful radio jets, such

as radio-loud quasars and radio galaxies (Jarvis et al., 2001; Laor, 2000; Prestage

& Peacock, 1988; Xu et al., 1999) where it is inevitable that both radiative and

mechanical feedback will be occurring, showing that the treatment of AGN feedback

as cleanly separated into two modes that dominate at separate redshifts is over-

simplistic.

Volonteri et al. (2016) also show that the Horizon-AGN simulation over-predicts

the AGN LF at high redshift, which might in turn over-damp the bright end of the

galaxy LF at high redshift before normalising at lower redshift. It is also relevant

that a significant amount of the growth of the largest galaxies in the Horizon-AGN

simulation is due to minor mergers. The smaller accreted galaxies are not well resolved

at higher redshift, potentially leading to an underestimation in the sizes of galaxies

which would be most noticeable at the bright end of the LF. As this effect would

correct with redshift, it could produce the difference seen here.
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6.4 Conclusions

While the predicted K-band LF from Horizon-AGN matches the knee and the bright

end of the observed Ks-band LFs from VIDEO-CFHTLS-D1 and VIDEO-CFHTLS-

W1 reasonably well, there is significant disagreement at the faint end, and the num-

bers of low mass galaxies, especially at high redshift, are vastly over-predicted by the

Horizon-AGN simulation. While some disagreement may be caused by errors in the

photometric redshift and accounting for this would increase the observed error bars

and reduce the disagreement, this highlights an obvious issue with the feedback pro-

cesses dominant in shaping this end of the LF, namely feedback from star formation

and supernovae.

An improved implementation of the feedback from supernovae and star formation

could be aided by increasing resolution, more accurately modelling the clumpy nature

of the IGM, applying the higher star formation rate efficiencies seen in star clusters

or by applying a prescription for the feedback from very young stars before they

become supernovae. Better accounting for the differences in environment such as the

effects of ram pressure or tidal stripping in groups would also will also be important

in reproducing the faint end of the LF.

The under-prediction at the bright end may also be improved by increasing the

resolution of the simulation, which would allow for more accurate histories of galaxies

at high redshift and potentially lead to an earlier decline in feedback from the quasar

mode. A more realistic treatment of the transition from one feedback mode to the

other that takes into account the fact that both modes have been observationally seen

to coexist will also be critical for getting the feedback prescription correct. Further-

more, it is becoming clear from observations that the accretion rate in radio galaxies

appears to be bimodal (e.g. Best & Heckman, 2012; Fernandes et al., 2015). The

feedback prescriptions in the simulations should also be tested against this to ensure

that they are at least similar to what is observed.
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Chapter 7

Conclusions & Future Work

In this thesis I measure the luminosity function of galaxies first at high redshift (z > 6)

in Chapters 2 & 3, and then at lower redshift in Chapters 4 & 5 before finally compar-

ing some of these luminosity functions to those predicted by simulations. Measuring

this key diagnostic across a broad range in redshift has allowed me to explore im-

portant questions about the formation and evolution of galaxies over time. At high

redshift I use the Lyman break technique to select galaxies in deep HST imaging

and measure the UV luminosity function to gain insight into the abundance of high

redshift galaxies. I then follow this evolution to intermediate and low redshift using

wider and shallower ground-based surveys. In this Chapter, I will first summarise

the main conclusions from my investigation into the numbers of high redshift galaxies

in GOODS-North, before following this to lower redshift by describing my conclu-

sions from my measurement of the luminosity functions in the VIDEO-CFHTLS-D1

and VIDEO-CFHTLS-W1 fields, and from a comparison with a predicted luminosity

function from the Horizon-AGN simulation. Finally, I will describe some possibilities

for future work investigating the processes that have shaped the galaxy luminosity

function over cosmic time.
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7.1 The UV Luminosity Functions and Cosmic Vari-

ance of Galaxies at z ≈ 7− 9 in GOODS

In Chapter 2, I present a list of candidate high redshift galaxies estimated to be at z ≈

7 and z ≈ 8− 9 seen in the CANDELS/GOODS-North field. These candidates were

found by analysing the HST/WFC3 and ACS imaging of the CANDELS/GOODS-

North field and applying the Lyman break technique to isolate galaxies potentially at

high redshift. I also estimate both the contamination due to stars and intermediate

redshift red galaxies, and the completeness of the final candidate list. From this, I

present 22 possible z ≈ 7 galaxies and 6 possible z ≈ 8− 9 galaxies, of which 13 have

not been previously presented.

In Chapter 3, I compare these candidates to a sample found using an identical

method in the GOODS-South field by Lorenzoni et al. (2013). I investigate the effect

of cosmic variance between the two fields, finding that the difference in number counts

is consistent with the expected Poisson noise, indicating that for a field of this depth

and shape, cosmic variance is not the dominant source of variation.

As the two fields are consistent with each other to within the expected Poisson

error on the number counts, I combine the candidates from GOODS-North from

Chapter 2 with the candidates from GOODS-South in Lorenzoni et al. (2013). This

gives me the number counts necessary to constrain the bright end of the UV luminosity

function, using candidate galaxies from the XDF selected in an identical fashion

(Lorenzoni et al. in prep) to also constrain the faint-end. I present best-fit Schechter

parameters from this combined sample of high redshift galaxies at z ≈ 7 and z ≈ 8−9.

Both the z ≈ 7 and z ≈ 8 − 9 Schechter functions agree with other determinations,

although the z ≈ 8− 9 luminosity function is based on too few galaxies to add much

constraint. I see more evolution in density (φ∗) than in the characteristic luminosity

(M∗
1600) from z ≈ 7 to z ≈ 8 − 9, implying that the dominant change is due to the

184



formation of new galaxies, rather than the growth of individual galaxies, as one would

expect a relatively short time after the Big Bang.

7.2 The Ks-band Luminosity Functions of Galaxies

in the VIDEO-XMM Fields

In Chapters 4 & 5, I present the rest-frame Ks-band luminosity functions from the

overlaps between the VIDEO imaging of the XMM-LSS field and the CFHTLS D1

and W1 fields. The VIDEO-CFHTLS-D1 field provided photometric redshifts for

90,519 galaxies, from which I measure the Ks-band LF with the 1/Vmax method in

10 redshift bins from z = 0.2 to z = 3. The VIDEO-CFHTLS-W1 field provided

281,299 galaxies with photometric redshifts, allowing me to measure the Ks-band

LF in 6 redshift bins from z = 0.2 to z = 1.5. The VIDEO-CFHTLS-W1 LFs were

measured over a smaller redshift range as the photometric redshift fitting above this

point was less reliable due to the shallower optical data from CFHTLS-W1 compared

to CFHTLS-D1.

The VIDEO survey covers a large area, which has allowed me to measure the

bright-end of the luminosity function with reliable points as far as M = −25 at

z ≈ 0.2 and M = −26 at z = 1.5 in VIDEO-CFHTLS-W1, and M = −26 at z ≈ 3

in VIDEO-CFHTLS-D1, while the deep IR imaging has allowed me to characterise

the faint end of the luminosity function, especially at lower redshifts, reaching down

to absolute magnitudes of M = −20 at z = 1 and M = −17 at z = 0.2. This

combination has provided constraints on the characteristic luminosity (M∗) and its

evolution, as well as the abundance φ∗ and the density evolution.

I find that the evolution of the Ks-band LFs is best described by luminosity

dependent density evolution. The characteristic magnitude of the LFs is dimmer

at higher redshift, evolving at a constant speed to produce a difference of just over
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1 mag by z = 3 compared to z = 0.2. The number density of the LFs is higher

now than at high redshift. From z = 3 to z ≈ 1.5 the number density of galaxies

increases rapidly as new galaxies form, before the effects of mergers act to slow this

evolution from z ≈ 1.5 to z ≈ 0.2. The combination of galaxies having lower number

densities but higher luminosities at higher redshift is in line with downsizing; massive

galaxies, which form the bulk of their stellar mass early, will dominate the luminosity

evolution of the LF, causing it to dim as they passively evolve through their ageing

stellar populations. At the same time, the build up of smaller galaxies forming at

later times will produce an increase in the number density at lower redshift.

The very deep photometry coupled with a reasonably sized area has also allowed

me to measure the upturn in the faint-end of the LF at z ∼ 0.2 − 0.6. From this, it

can be seen that the efficiency of the feedback from star formation and supernovae

does not continue to increase with decreasing luminosity at the same rate in the

faintest galaxies, but instead levels off, resulting in higher number counts than can

be described by a single Schechter function.

In Chapter 6, I compare the Ks-band LFs from VIDEO-CFHTLS-D1 and VIDEO-

CFHTLS-W1 with the predicted K-band LF from the Horizon-AGN simulation. I find

that the number counts at the faint end of the LF were significantly over-predicted,

and the number counts at the bright end of the LF were slightly under-predicted,

with both disagreements worse at higher redshift. This is most easily explained by

an under-efficiency in the star formation feedback and a slight over-efficiency in the

AGN feedback implemented by the Horizon-AGN simulation to shape the faint and

the bright end of the LF. The efficiency of the feedback from star formation and

supernovae may be improved by better modelling the clumpy nature of the ISM,

accounting for the feedback from very young stars before they evolve off the main se-

quence, using the high star formation efficiencies seen in star clusters, or by increased

resolution. The AGN feedback could be improved by a more realistic implementation
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of the radio and quasar modes which better deals with the transitions between them,

as well as accounting for the fact that they have been observationally found to coexist.

7.3 Future Work

At high redshift, the James Webb Space Telescope (JWST; Gardner et al., 2006)

and the Atacama Large Millimetre Array (ALMA; Hills et al., 2010) will provide the

ability to measure far more information about high redshift galaxies than is currently

possible. The massive improvement in resolution and sensitivity in the millimetre

and submillimetre range available with ALMA will enable the measurement of dust

emission from high redshift galaxies, as well as emission lines from molecular gas and

information on their metallicity. The extra sensitivity and larger field of view of JWST

compared to HST will produce large samples of galaxies at z > 7 reaching down to

fainter magnitudes, allowing for the measurement of the luminosity function of high

redshift galaxies to be well measured, with a better characterisation of the faint end

slope and enough sources at very high redshift to constrain its early evolution with

more statistical significance. This will aid in answering whether there are sufficient

small galaxies at high redshift to produce the required number of ionising photons

needed for reionisation (e.g. Bouwens et al., 2012; Robertson et al., 2015). JWST

will also provide information about these galaxies previously unobtainable in the

form of observations of the rest-frame optical light unfeasible with telescopes such

as Spitzer, due to the necessary resolution and sensitivity, as well as, possibly most

importantly, spectroscopic information about these galaxies. In combination with

measurements from ALMA, this will lead not only to spectroscopic redshifts, but

will allow the measurement of, for instance, galaxy masses, metallicities and the ages

of the stellar populations, unveiling what the star formation history of these early

galaxies has been. Furthermore, JWST will be able to observe the high redshift AGN
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population, extending our knowledge about the processes that shape galaxies to the

earliest epochs of galaxy evolution.

Galaxy evolution in the VIDEO fields could be further studied by sub-dividing

the LFs into separate populations of galaxies. Investigating bright and faint galaxies

separately would allow the effects of downsizing to be better characterised as the two

populatisons would be expected to have different strengths of evolution at different

times. Similarly, examining galaxies of different colour or SFR separately would allow

the measurement of the different shapes of the LFs and their different evolutions.

This would give us information about which galaxies dominate different types of

evolution at different times. Splitting galaxies both by colour and SFR will also help to

investigate the observational effects of such selections on the measured evolution. This

breakdown of the LFs by colour and SFR would show which populations contribute

to the upturn at the faint end of the LF, giving us more of an insight into how the

feedback from star formation varies between galaxies.

The next generation of surveys such as the Large Synoptic Survey Telescope

(LSST; LSST Science Collaboration et al., 2009) and Euclid (Laureijs et al., 2011)

will provide increasing coverage and depth. Coupled with the progress in photomet-

ric redshift fitting necessary for these large surveys, this will lead to catalogues of

galaxies out to higher redshift that provide a comprehensive picture of the Universe

between 1 < z < 3 in the way that SDSS did at z < 0.5. This will allow for a much

more complete characterisation of the LF and how it evolves for different populations

of galaxies past the peak in SFRD at z ∼ 2 − 3, providing an exquisite tool with

which to study galaxy evolution.

From the comparison between the simulated and the measured luminosity func-

tions in Chapter 6, it is clear that more work is necessary to understand the processes

by which supernovae and AGN affect the star formation rates of different sizes of

galaxies. Future radio surveys and facilities such as the MIGHTEE survey with
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MeerKAT (Jarvis, 2012) and the Square Kilometre Array (SKA; SKA Organisation,

2015) will be able to observe HI gas in low mass galaxies at low redshift, and will pro-

vide important information about quite how the feedback from supernovae is affecting

the cold gas reservoir from which molecular clouds and stars form. In particular, they

will shed light upon the interplay between supernova feedback and environment, di-

rectly observing under what circumstances cold gas is stripped from galaxies in both

dense and sparse environments, as well as detecting the smallest galaxies with incred-

ibly low HI masses. Follow up from facilities such as ALMA will be able to trace

the molecular gas, infrared and optical measurements will give information about

the stellar populations, and the radio observations will provide star formation rates

unpolluted by dust (Condon, 1992; Smith et al., 2014). This will make it possible

to study all of the different stages between gas and star formation up to z ∼ 1 in

the future with MIGHTEE and the SKA in combination with surveys like VIDEO,

Euclid and LSST.

A better understanding of the mechanisms behind AGN feedback is crucial to

implementing this feedback in large scale simulations, with particular focus on the

different accretion modes of AGN. Radio observations provide the cleanest method

of selecting AGN, with a well understood selection function, but emission line stud-

ies, as well as supplying the redshift information that cannot be accessed by radio

observations, are needed to separate AGN into objects in high or low accretion rate

modes and to remove the contributions from star formation (Best & Heckman, 2012;

Fernandes et al., 2015). For this reason, upcoming multi-object spectrographs such as

WEAVE (Dalton et al., 2012), MOONS (Cirasuolo et al., 2014) and 4MOST (de Jong

et al., 2014) will be incredibly useful in obtaining spectroscopic information on large

samples of radio-selected AGN. For instance, the WEAVE-LOFAR survey will do ex-

actly this, facilitating the investigation of different AGN accretion modes with enough

sources to allow the study of how the AGN differ with, for example, redshift, mass
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and environment (Smith, 2015).
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