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Abstract

In recent years, advances in deep optical, and especially deep near-infrared

imaging with the Hubble Space Telescope (HST) and wide-field ground-based

telescopes such as VISTA, have revolutionized our understanding of the cosmo-

logical evolution of galaxies and supermassive black-holes (as manifest through

active galactic nuclei; AGN). In particular, the dynamic range provided by the

survey ‘wedding cake’ of available HST+ground-based optical/IR data offers

new opportunities to push the meaningful statistical study of galaxy and AGN

evolution out to high redshifts.

Much recent attention has focused, unsurprisingly, on using these new data to

push studies of galaxy formation back to within a billion years of the Big Bang,

and exploring the role of young galaxies in driving cosmic hydrogen reionization

during the crucial era corresponding to redshifts z ' 6−10. However, these data

have not been as thoroughly exploited at intermediate redshifts, and have only

recently been used to explore black-hole/AGN evolution.

In this thesis I utilise the latest deep optical/near-infrared imaging and spec-

troscopy to explore three key facets of cosmological evolution.

First, I present a new, robust measurement of the evolving rest-frame ultraviolet

(UV) galaxy luminosity function (LF) over the key redshift range from z ' 2

to z ' 4. My results are based on the high dynamic range provided by

combining the Hubble Ultra Deep Field (HUDF), CANDELS/GOODS-South,

and UltraVISTA/COSMOS surveys. I utilise the unparalleled multi-frequency

photometry available in this survey ‘wedding cake’ to compile complete galaxy

samples at z ' 2, 3, 4 via photometric redshifts (calibrated against the latest

spectroscopy). This study is important as the peak of star-formation is shown

to happen within a redshift range z = 2 − 4 and determining the exact epoch

that the galaxies were forming most of their stars depends significantly on the
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UV luminosity density which requires robust measurements of the galaxy UV

luminosity function and its accurate parameterization. My new determinations

of the UV LF extend from M1500 ' −22 (AB mag) down to M1500 =−14.5, −15.5

and −16 at z ' 2, 3 and 4 respectively (thus reaching ' 3− 4 magnitudes fainter

than previous blank-field studies at z ' 2 − 3). At z ' 2 − 3 I find a much

shallower faint-end slope (α = −1.32± 0.03) than the steeper values (α ' −1.7)

reported in the literature, and show that this new measurement is robust. By

z ' 4 the faint-end slope has steepened slightly, to α = −1.43 ± 0.04, and I

show that these measurements are consistent with the overall evolutionary trend

from z = 0 to z = 8. I then calculate the UV luminosity density (and hence

unobscured star-formation density) and show that it peaks at z ' 2.5− 3, when

the Universe was ' 2.5 Gyr old.

Second, I have used these data to revisit the possibility that X-ray AGN played a

significant role in cosmic hydrogen reionization which is one of the major processes

in the formation of the Universe we see today. Hence, it is really important to

understand this phenomenon thoroughly by studying the properties of sources

capable of ionising photons, such as star-forming galaxies and high redshift AGNs.

Although most recent studies have suggested that the emerging population of

young star-forming galaxies can bathe the Universe in sufficient high-energy

photons to complete reionization by z ' 6, some authors have reasserted the

potentially important role of high-redshift AGN in the hydrogen reionization

process. In an effort to clarify this situation, I reinvestigate a claimed sample

of 22 X-ray detected active galactic nuclei (AGN) at redshifts z > 4, which

has reignited the debate as to whether young galaxies or AGN reionized the

Universe. These sources lie within the GOODS-S/CANDELS field, and I examine

both the robustness of the claimed X-ray detections (within the Chandra 4Ms

imaging) and perform an independent analysis of the photometric redshifts of the

optical/infrared counterparts. I confirm the reality of only 15 of the 22 reported

X-ray detections, and moreover find that only 12 of the 22 optical/infrared

counterpart galaxies actually lie robustly at z > 4. I recalculate the evolving

far-UV (1500 Å) luminosity density produced by AGN at high redshift, and find

that it declines rapidly from z ' 4 to z ' 6, in agreement with several other

recent studies of the evolving AGN luminosity function. The associated rapid

decline in inferred hydrogen-ionizing emissivity contributed by AGN falls an

order-of-magnitude short of the level required to maintain hydrogen ionization
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at z ' 6. I conclude that AGNs make a very minor contribution to cosmic

hydrogen reionization.

Finally, I have utilized the deep optical/near-infrared survey data to explore

the prevalence of quenched/passive galaxies at high redshift. Applying a robust

method to isolate passive galaxies from star-forming galaxies is the key to

improving our understanding of the quenching process. Focusing primarily on

the deep HUDF data-set, I have revisited the effectiveness of simple colour-colour

(UVJ) selection techniques in isolating robust samples of quenched galaxies,

and find that dust plays a more important role in this selection process than

has been previously appreciated. Through careful SED fitting I successfully

isolate a sample of apparently dust-free quiescent galaxies in the redshift range

0.5 < z < 4.5 but (at least in the HUDF) fail to find any galaxy which has

remained truly quiescent for> 1 Gyr. I conclude by focusing on the properties of a

refined/robust sample of apparently quenched galaxies at z > 3, and in particular

establishing the contribution of quenched galaxies to stellar-mass density at early

times.

I conclude with a summary of my findings, and a brief discussion of the most

promising avenues for future advances with the next generation of facilities, such

as the James Webb Space Telescope (JWST).
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Lay Summary

The earliest galaxies, which formed a significant portion of their stars within the
first billion years after the Big Bang, evolved through cosmic time to build the
galaxies of the present Universe. Because the speed of light is finite, the images
we collect of very distant galaxies are probes of these sources as they were when
they had emitted their light and thus, observations at ever greater distances are a
probe of progressively earlier cosmic time. The images taken with telescopes both
on the ground and in space show galaxies at different epochs in the history of the
Universe and so reveal how they have evolved and grown over time. These early
and distant galaxies, whose hot, young stars radiated bright ultra-violet light,
are thought to have been a major contributor to ionizing the neutral Hydrogen
gas of the inter-galactic medium during the Epoch of Reionization. However,
determining their efficiency to do so alone and thus examining the presence of
any other type of sources, such as active black holes is required.

The Hubble Space Telescope (HST) has enabled detection of some of these
most distant galaxies in the Universe. Having combined the observations of the
CANDELS survey with the deep exquisite HST near-IR/optical data and the
exceptional imaging from the VISTA telescope in Chile enables compiling samples
of galaxies at different epochs of the cosmic time. This comprehensive multi-
wavelength data-set provides a sufficient dynamic range to probe the abundance
of the galaxies at different cosmic times and study their evolution.

The aim of my PhD has been to undertake a new measurement of the galaxy
number density over a range of cosmic time, and to explore it’s evolution
towards earlier times closer to the Big Bang. This enables studying the
contribution of the faint star-forming galaxies to the hydrogen reionization of
the Universe. I also re-examine the contribution of other type of sources to
the hydrogen reionization at high-redshift and show that the inferred hydrogen-
ionizing emissivity contributed by these active black holes falls an order-of-
magnitude short of the level required to maintain hydrogen ionization at that
time. This concludes a minor contribution of these sources towards the hydrogen
reionization and hence, the faint star-forming galaxies are still thought to be
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the main sources providing sufficient ionizing photons to keep the Universe fully
ionized at that redshift.

This thesis also looks at the properties of the passive galaxies at high-redshift
solely based on the Hubble Ultra Deep Field (HUDF) survey. A traditional
method based on the intrinsic colour of galaxies is tested and modified in this
analysis to distinguish between the passive and star-forming galaxies as efficiently
as possible. We also infer information about the stellar-mass of these sources and
measure the fraction of the passive high-redshift galaxies within this small field.
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(3.8) The rest-frame UV (1500Å) luminosity densities from z ' 1.7 to
z ' 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
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Chapter 1

Introduction

Various theoretical and observational studies have been performed in the last

decade to understand galaxy formation and evolution, the resulting star-

formation history of the Universe, and the impact of early galaxy growth on

cosmic hydrogen reionization. Understanding the reionization epoch is challeng-

ing, because galaxy evolution probably drives reionization whilst reionization also

impacts on galaxy formation through feedback effects. Consequently, knowledge

of the evolving galaxy luminosity function (LF), metal enrichment of the Inter-

Galactic Medium (IGM), dust distribution, initial mass function (IMF), star

formation rate (SFR) and the escape fraction of ionising photons from early

galaxies and quasars is required for a full understanding of this epoch.

Observations of the stellar-mass and star formation rate (SFR) density and galaxy

morphology at both low (z < 1) and high (z > 3) redshifts indicate that most

of the activity responsible for shaping the bulk properties of galaxies to their

present form occurred in the epoch corresponding to the redshift range 1 < z < 3

(e.g. Dickinson et al. 2003, Rudnick et al. 2003, Madau 1995, Lilly et al.

1996, Steidel et al. 1999, Fan et al. 2001, Papovich et al. 2003, Shapley et al.

2001). Consequently, this redshift interval needs to be studied fully to help us

understand the physics behind galaxy formation and the star-formation history

of the Universe.

Before I discuss the recent observational progress made in the study of this

important epoch, I start with a more general introduction to the history and

formation of the Universe.
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1.1 History of the Universe

A complicated series of events have formed the history of the Universe; beginning

at the Big Bang and currently ending with the forms of galaxies and stars

observable today. The current best model describing the expansion of the

Universe is the Λ cold dark matter (CDM) cosmology, where Λ is the cosmological

constant introduced by Einstein. There are other constants also describing the

expansion of the Universe and I assume the following throughout this thesis :

Ωm = 0.3,ΩΛ = 0.7, Ho = 70km s−1Mpc−3 (1.1)

where Ω is the fraction of the energy density of the Universe contained in matter

and vacuum energy such that Ωtotal = Ωm + ΩΛ = 1 in a flat Universe and Ho is

the Hubble constant.

The Big Bang was immediately followed by a period of accelerated expansion

called Inflation, in which the Universe is thought to be expanded by about 60

orders of magnitude in size (see Mazumdar & Rocher 2011). About 380000 years

after the Big Bang, one of the most important events in the creation of the

Universe, called ‘recombination’, occurred at z ' 1100 when the pre-existing

hot plasma had cooled sufficiently (T ∼ 3000K) for atoms to form, and as a

result the photons released could propagate freely with little scattering. The

released radiation can be observed today with a temperature of T = 2.725 ±
0.01K as the Cosmic Microwave Background (CMB). The next stage is called

the ‘Dark Ages’, due to a lack of any sources of light until the first stars formed

at z ∼ 20 − 30. During the Dark Ages after recombination, over-densities in

the matter distribution started to collapse under self-gravity. The first stars are

thought to be formed after baryonic matter became gravitationally bound inside

the dark matter haloes and collapsed to produced structures dense and hot enough

to start nuclear fusion. These stars, also known as Population III stars, were

formed mainly of Hydrogen and Helium; however, these short-lived stars started

enriching the surrounding medium with metals (elements other than Hydrogen

and Helium) allowing more familiar stars to be born. The H I ionizing photons,

also known as the energetic UV photons (with energy > 13.6 eV), from these

sources started ionizing the hydrogen in the surrounding neutral inter-galactic

medium (IGM). As these ionized regions started overlapping, they drastically

changed both the thermal and the ionization state of the IGM and resulted in
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Figure 1.1 A schematic of the history of the Universe taken from Robertson et
al. (2010). Time runs from left to right, showing recombination
followed by the Dark Ages. The first stars and galaxies produce
ionising radiation, which then begins to ionise small bubbles in the
neutral Universe. These bubbles eventually overlap and the hydrogen
in the intergalactic medium becomes predominantly ionised.

a process known as Cosmic Reionization. This evolutionary phase remains the

subject of much debate; when and how reionization occurred is still not clear.

The data on the CMB yield a redshift of z ' 7.8 − 8.8 (Planck Collaboration

et al. 2016), while Gunn-Peterson trough measurements of high-redshift quasars

suggest complete reionization by z ' 6 (Fan et al. 2006). Further, the nature and

relative contributions of the sources of reionization is not well understood. The

first galaxies are thought to form ∼ 100 Myrs after the Big Bang, and current

calculations of the number of ionising photons produced from these early galaxies

shows that they could (just) reionize the Universe (Robertson et al. 2013).

These major processes are illustrated in Fig. 1.1.

1.2 Cosmic Reionization

Cosmic reionization is defined as the transformation of neutral hydrogen in the

IGM into an ionized state. This process requires ionizing photons with energies

greater than 13.6 eV generated by stars or AGN. It has been shown (e.g Fan

et al. 2006) that the Universe was highly ionized when it was '1 billion years

old (z ' 6). Identifying the characteristics of the early sources producing these

hydrogen-ionizing photons is crucial in understanding cosmic reionization.

Knowledge of three main properties of early sources is key to understanding their
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contribution to cosmic reionization at high redshift; the number of ultraviolet

(UV) photons produced by each source per second capable of ionizing the

hydrogen atom, the fraction of these hydrogen-ionizing photons that can escape

from the source to the IGM, and the number density of the relevant sources (e.g

star-forming galaxies or AGNs). Therefore, the comoving production rate, ṅion,

of hydrogen-ionizing photons available to reionize the IGM is defined as :

ṅion = fesc ξion ρUV (1.2)

where ξion(ergs−1Hz) is the rate of hydrogen-ionizing photons per unit UV

luminosity, fesc describes the fraction of such photons that escape to ionize the

IGM and ρUV (ergs s−1Mpc−3) indicates the total UV luminosity density supplied

by the responsible source population.

ρUV can be calculated using a robust UV luminosity function for the sources at

a given epoch (explained in detail in Chapter 3); however, estimating the escape

fraction of the hydrogen-ionizing photons is more challenging as these photons are

absorbed by the neutral gas in the galaxy and the Inter-Stellar medium (ISM).

While this basic picture is supported by current observational data and simula-

tions, the detailed history of reionization as well as the exact sources responsible

for it are still a matter of debate. While at redshifts z ' 2.5 the UV background

is dominated by quasars, such systems disappear rapidly toward higher redshift

where galaxies become the dominant source of UV radiation (e.g. Haardt &

Madau 1996, Faucher-Giguereet al. 2008), and star forming galaxies are thus

currently the best candidates for the main source of ionizing emissivity at z ' 6.

Due to the dimming by a factor ' 2 towards higher redshifts from z ' 4 to 6

(e.g. Bouwens et al. 2007), the population of galaxies that was detected at z ' 6

was estimated only to be marginally powerful enough to keep the universe ionized

under normal conditions (e.g. Ferguson et al. 2002, Bunker et al. 2004). However,

these estimates were based on a series of uncertain assumptions and it was not

clear whether the galaxy population below the detection limits could provide the

necessary ionizing radiation (e.g. Bolton & Haehnelt 2007, Richard et al. 2008).

Therefore, it is still unclear, whether normal star-forming galaxies are capable

of both starting and completing reionization alone, and it is therefore essential

to study the evolution of early high-redshift sources. Possible contributions by

sources other than galaxies are expected from the first generations of stars, as well

as from X-ray/hard-UV emission of accreting intermediate mass black holes (e.g.
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Madau et al. 2004, Ricotti et al. 2005). Although the contribution by such mini

quasars is constrained by the soft X-ray background (e.g. Dijkstra et al. 2014),

they could still provide a non-negligible contribution to the ionization flux, as

their X-ray photons would be capable of ionizing more than one hydrogen atom

making them more efficient ionizing than galaxies (e.g. Volonteri & Gnedin 2009).

The potential for cosmic reionization to be driven by AGN is re-investigated later

in this thesis.

Various observables can be studied to derive constraints on the reionization epoch;

the CMB, Lyα emitters and hydrogen 21 cm radiation.

The Lyα emission line is expected to be strong in star-forming galaxies and this

emission is significantly reduced for galaxies emitting into a highly neutral IGM

rather than an ionized environment. The fact that Lyα is so readily absorbed by

neutral Hydrogen thus makes it a potential probe of the progress of reionization,

although other effects such as neutral gas within the galaxy and dust can also

affect the line strength. This radiation is a good indicator in finding the ionized

bubbles within IGM. The detection of Lyα at z > 7 has been challenging, with

only tens of objects confirmed to date (Schenker et al. 2014, Pentericci et al.

2014, Finkelstein et al. 2013). The reduced success rate has been attributed to

an increase in neutral fraction from z ' 6 to z ' 7, implying that the end of

hydrogen reionization happened during this redshift interval. A technique that

has become increasingly important is narrow-band imaging, aimed at detecting

Lyα line; these searches (Tilvi et al. 2010, Hibon et al. 2010) have yielded

hundreds of z > 5 galaxies detected in Lyα. Finally, another series of experiments

involve searching for remote galaxies behind foreground galaxy clusters acting as

magnification lenses (Richard et al. 2008, Bradley et al. 2008).

On the other hand, the 21 cm radiation, which is another method to explore

the IGM during the reionization and is emitted at the transition between the

singlet and the triplet state of hydrogen atom in its fundamental energy state,

detects the unionized and neutral regions of the IGM, which is composed of atomic

hydrogen. This radiation propagates through dust and gas clouds without being

absorbed. Recently, LOFAR, MWA and SKA surveys, radio-interferometers, are

being used to observe this signal at high redshift (z = 6 − 11) to study the

hydrogen reionization of the Universe in more detail (Baek et al. 2010).

Furthermore, results from the Gun-Peterson effect (Gunn & Peterson 1965),

showing a trough at which the light has been absorbed by neutral hydrogen,
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concludes that the trough is not visible below z ∼ 6 (e.g. Fan et al. 2006;

Bolton et al. 2011; McGreer et al. 2015; Barnett et al. 2017), and the decline in

observable Lyα emission from high-redshift galaxies (e.g. Stark et al. 2010, 2015;

Pentericci et al. 2011, 2014; Curtis-Lake et al. 2012; Schenker et al. 2012, 2014;

Treu et al. 2013; Tilvi et al. 2014; Dijkstra et al. 2014) suggest the process was

essentially complete by z ' 6. On the other hand, Planck results, studying the

CMB polarisation level due to abundance of free electrons, show that the optical

depth of scattering, τ , corresponds to a redshift interval of z = 7.8 − 8.8. The

discrepancy between these results indicate that the reionization occurred over a

long period.

1.3 Properties of Galaxies

1.3.1 Apparent Magnitude

Photometric surveys have been very useful for studying the majority of the known

galaxy population. These surveys are based on digital imaging of the sky using

different filters to probe the colours of objects. The apparent magnitude of an

object in a given filter is defined by :

m = −2.5 log 10(C) +mZ (1.3)

where C is the number of counts, and the zero-point is mZ for a given detector

and telescope system.

This magnitude can then be converted to the flux density of the source in a given

filter; the conversion factor depending on the magnitude system chosen. In this

work I use AB magnitudes and the conversion between the magnitude and the

flux density of a galaxy in a band-pass A is defined as :

mA = −2.5× log 10

[∫
Fν(ν)RA(ν)dν/ν∫
gν(ν)RA(ν)dν/ν

]
(1.4)

where RA is the filter transmission for band A as a function of frequency, Fν

represents the observed spectrum of the source and gν is the reference source.
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For the AB magnitude system, a flat spectrum source is usually considered as the

reference source with Fν = 3631Jy and the flux density of the object in a given

filter is hence measured as :

Fν = 3631× 10−mAB/2.5Jy (1.5)

An alternative approach can also be used in the centimetre-gram-second (cgs)

unit system :

Fν = 10−(mAB+48.6)/2.5ergs−1cm−2Hz−1 (1.6)

1.3.2 Absolute Magnitude

The absolute magnitude of a source is a measure of its luminosity on a logarithmic

astronomical magnitude scale. A galaxy’s absolute magnitude is equal to the

apparent magnitude that the object would have if viewed from a distance of

exactly 10 parsec (32.6 light years), with no dust extinction. Therefore, a

luminosity distance, DL, is required to convert the observed apparent magnitude

into an absolute magnitude, defined in equation 1.7, as it encompasses the

dimming of the object.

M = m− 5.0 log 10(DL(pc)/10pc) + 2.5 log 10(1 + z) (1.7)

where the (1 + z) factor equates the relation of observed to emitted wavelength,
λo
λe

. The luminosity distance, DL, expresses the intrinsic luminosity (L) of an

astronomical object with its observed flux density (S) as :

S =
L

4πDL
2 (1.8)

To consider the flux per unit wavelength or frequency of a galaxy in this formulae,

another factor of (1 + z) must be taken into account, due to the change in width

of the bandpass with the redshifting of the object’s spectrum. Therefore, the flux
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density satisfies the equation :

Sν = (1 + z)
L(1+z)ν

Lν

Lν

4πDL
2 (1.9)

where the (1 + z)
L(1+z)ν

Lν
term is called the K-correction, which accounts for the

fact that the observed frequency range/filter is measuring a different part and

frequency range of the spectrum in the rest-frame of the galaxy.

Various techniques can be applied to measure the absolute magnitude of an object

in a given band of interest. SED fitting techniques can output this property of

a galaxy. In order to calculate this, one method is to define a 100 Å artificial

top-hat filter centred on the wavelength of interest and incorporate this into the

SED fitting code’s template library.

1.3.3 SED Fitting Technique

One of the useful tools for estimating photometric redshift and inferring the

physical properties (e.g stellar-mass, age and metallicity) of distant galaxies

and quasars is through spectral energy distribution (SED) fitting, where the

observations of a galaxy (e.g. its broadband photometry) are compared to a

set of stellar population models (either empirical or synthetic). These models

depend on age, dust extinction, metallicity, star-formation history, etc., and the

one representing the best match with the observations is chosen by minimizing

the χ2 between the models and the observations. Some of the most striking

galaxy SED features are the Lyman-limit at 912 Å , Lyman-Break at 1216 Å and

the Balmer and 4000 Å breaks; The Lyman and Balmer breaks correspond to

transitions of the hydrogen atom as an electron goes from n ≥ 2 to n = 1 and

from n ≥ 3 to n = 2 respectively. The short wavelength of the Lyman emission

is referred to as the Lyman limit at wavelength 912 Å .

Fig. 1.2 from Conroy (2013) shows an overview of the construction of a SED

model; firstly it involves the creation of an SED that represents a burst of star

formation, where all the stars are created at the same time and then evolve

according to defined isochrones. Then, these simple stellar populations (SSPs)

are combined with an assumed star-formation history to form a composite stellar

population (CSP). The CSP, once the effects of dust attenuation, absorption by

the IGM, and the addition of potential nebular emission lines have been included,
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forms the final synthetic galaxy SED.

Fig. 1.3 from McLure et al. (2013) shows the process of SED fitting in finding the

photometric redshift of a galaxy at z ∼ 7 and deriving its physical properties.

Dust The normal (apart from Pop III) star-forming process requires and

produces dust, and the presence of dust in a galaxy, especially within the star-

forming regions can change the observed UV/optical spectrum of that object.

This is due to absorption of the UV light by dust grains which then re-radiate in

the far-infrared. Because dust is more efficient at absorbing shorter wavelength

light, the UV spectrum is not only reduced in intensity, but is also reddened. This

reddening is described either as extinction or attenuation. The former assumes

that the light is lost due to the absorption and scattering of photons by dust

grains whereas the latter also includes scattering of photons back into the line-

of-sight, and hence only measures absorption. The attenuation is most relevant

for observing the extra-galactic objects where some fraction of scattered light is

scattered back to the line-of-sight.

The impact of this reddening on the original spectrum of a galaxy can be

quantified by the decrease in the flux in the rest-frame V-band and consequently

an increase in magnitude, Av. The following equations show that the intrinsic

flux, fint(λ), is changed to the observed flux of the galaxy, fobs(λ), by the

extinction or attenuation curve, k(λ). The RV depends on the particular

reddening model used (for the Calzetti et al. (2000) law assumed in this thesis,

RV = 4.05± 0.80) and AV represents the attenuation in the V-band.

fobs(λ) = fint(λ)10−0.4Aλ(λ) (1.10)

where

Aλ(λ) = k(λ)E(B − V ) =
k(λ)AV
RV

(1.11)

The E(B-V) term is defined as the difference in the B-V colour before and after

the reddening :

E(B − V ) = (B − V )− (B − V )o (1.12)
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Figure 1.2 Overview of the stellar population synthesis technique from Conroy
(2013). The upper panels highlight the necessary ingredients for
constructing simple stellar populations (SSPs): an IMF, isochrones
for a range of ages and metallicities, and stellar spectra spanning a
range of Teff , Lbol,and metallicity. The middle panels highlight the
ingredients necessary for constructing composite stellar populations
(CSPs): star formation histories and chemical evolution, SSPs, and
a model for dust attenuation and emission. The bottom row shows
the final CSPs both before and after a dust model is applied.
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Figure 1.3 Example of photometric redshift analysis for an object in the HUDF
at z = 6.9 from Mclure et al. (2013). The blue curve shows the
best-fitting high-redshift solution, while the orange curve shows the
best-fitting alternative low-redshift solution (z ' 1.5). The inset
shows the photometric redshift probability density function, p(z).

Calzetti et al. (2000) described a reddening law which is mainly used for the

study of high redshift galaxies and was derived from nearby starburst galaxies.

Star Formation history Star formation histories (SFHs) are often parameter-

ized by constant or exponentially declining models with SFR ∝ exp(−t/τ). SED

templates usually include burst, declining SF and also constant SF histories. The

derived properties of the galaxy such as age and star-formation rate (SFR) depend

strongly on the assumed SFH. Hence, a wide range of SEDs representing various

SFH models are required to ensure a robust SED fit and determine accurate and

reasonable physical properties of a source.

Inter-Galactic Medium absorption The effect of the IGM absorption along the

line of sight considered in this work is based on the Madau (1996) prescription

which involves the reddening of background source by the presence of a foreground

HI cloud. Madau (1996) calculated the average flux decrements blueward of Lyα

as a consequence of absorption by neutral Hydrogen clouds along the line-of-

sight, using a model for the clumpy distribution of the neutral gas and for the

line blanketing that results.

This assumption is not suitable for background sources beyond z > 6 based on

strong Lyman-alpha emission at these redshifts. It is however sufficient for the
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purposes of my study at z ∼ 2− 4.

1.3.4 Star-forming galaxies

Star-forming galaxies follow a tight correlation between their stellar-mass (M∗)

and star-formation rate (SFR). Galaxies following this relation lie mainly on a

line defined as a ”main sequence” (MS) (Noeske et al. 2007, Daddi et al. 2007).

This has been studied in the local Universe (Brinchmann et al. 2004; Salim et al.

2007; Peng et al. 2010), as well as at intermediate redshifts 0.5 < z < 3 (Elbaz

et al. 2007, Daddi et al. 2007, Pannella et al. 2009, Rodighiero et al. 2011,

Karim et al. 2011), and beyond (Daddi et al. 2009, Gonzalez et al. 2010). With

SFR ∝Mα
∗ , the slope, α, can differ substantially depending on sample selection

and the procedures for measuring SFR and M∗ with values in the above literature

ranging from ∼ 0.6 to ∼ 1.

Another group of galaxies lying above the main-sequence are called starburst

galaxies. These produce stars at a much higher rate than expected, probably

due to a collision with another galaxy. Most of the low redshift starbursts are

due to mergers as double nuclei have been observed in these type of objects.

However, at high-redshift the majority of the star-formation has been observed

to be more extended throughout the disk ( Casey et al. 2014) and therefore, it is

thought that high-redshift starbursts are not merger driven. Interactions between

galaxies that do not merge can also trigger unstable rotation modes, such as the

bar instability, which causes gas to be moved towards the nucleus and ignites

bursts of star formation near the galactic nucleus (Casey et al. 2014). Galaxies

that are forming stars in the recent past < 1.5 Gyr before quenching are called

post-starburst galaxies.

The stellar mass - SFR relation for galaxies at intermediate redshift is shown in

Fig. 1.4 from Rodighiero et al. (2011) where a division between starbursts and

main sequence star-forming galaxies can be seen clearly.

1.3.5 Galaxy Quenching

Identifying the formation epoch of massive galaxies can help to constrain the

physics in models of galaxy formation. Improvements in technical facilities have

ultimately led to the observation of a significant population of massive and
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Figure 1.4 Stellar mass (M∗) versus Star Formation Rate relation for galaxies
at 1.5 < z < 2.5 from Rodighiero et al. (2011). The datasets
include PACS-detected galaxies in the COSMOS (Red symbols)
and GOODS-South field (Cyan squares) respectively. Black points
indicate the UV-based galaxies in the COSMOS field. The solid black
line indicates the main sequence (MS) for star-forming galaxies at
z ∼ 2 defined by Daddi et al. (2007), while the dotted and dashed
lines mark the loci 10 and 4 times above the MS (along the SFR
axis), respectively. Starburst galaxies lie above the main-sequence
line.
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already passive galaxies in place at z > 2 (Fontana et al. 2004, 2009, Ilbert

et al. 2013). Although this might appear to contradict the idea of a bottom-

up formation scenario from hierarchical models, where early star formation is

followed by a prolonged phase of mergers and hence the most massive galaxies

would be expected to be young and star-forming, Baugh et al. (1999) and later

De Lucia et al. (2006) have demonstrated that star formation in over-dense

regions such as galaxy clusters is shifted towards earlier times relative to less

dense regions. Further observations of the galaxy stellar-mass function have been

carried out by Fontana et al. (2009) and Ilbert et al. (2013) (see Fig. 1.5),

using the CANDELS/GOODS-S and UltraVISTA data-sets. Ilbert et al. (2013)

found that the evolution of the global galaxy stellar-mass function is strongly

mass-dependent and the low-mass end evolves more rapidly than the high-mass

end. The lack of evolution of the massive end relates directly to the consequence

of star-formation being drastically reduced or quenched when a galaxy becomes

more massive. They have utilised the UltraVISTA data to study the growth in

stellar-mass density in quiescent galaxies from z ∼ 3 to the present day and found

a rapid increase in the stellar-mass density of all quiescent galaxies, independent

of stellar-mass, indicating that a fraction of star-forming galaxies is continuously

quenched at z > 1.

The growth in the red, quiescent galaxy population proceeds in such a way that

the most massive early-type galaxies are already mostly in place since z ∼ 1,

while the lower mass tail is still being assembled at later times (e.g. Ilbert et al.

2010, 2013).

Part of this thesis focuses mainly on selecting the dead and red high-redshift

galaxies within the deep and small HUDF region to further investigate the number

of passive galaxies at high-redshift.

1.4 The Luminosity Function

The key statistical tool for tracing the evolution of galaxies across cosmic time is

the measurement of their luminosity function (LF), defined as the co-moving

number density of galaxies as a function of luminosity; this determines the

abundance of these sources at a given epoch. Colour selection techniques, drop-

out methods and photometric redshifts are among the source selection strategies

for the LF determination. The latest method is the relevant one to this thesis.
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Figure 1.5 UltraVISTA global galaxy stellar-mass functions from Ilbert et al.
(2013) (open black circles and solid lines) compared with several
measurements from the literature published since 2008 (labeled in
the bottom right). Each panel corresponds to a redshift bin.
The literature mass function measurements are converted to the
same cosmology and IMF as used in Ilbert et al. (2013) (Ho =
70km s−1Mpc−1 and a Chabrier (2003) IMF).
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Having knowledge of the evolving galaxy LF is particularly important for

investigating the amount of ionising radiation from high-redshift galaxies to

reionize the Universe and getting some insight into galaxy formation and

evolution.

The binned UV luminosity function in this thesis is measured via the standard

Vmax estimator of Schmidt (1968), equation 1.13, in which the maximum volume

a galaxy could occupy and still be included in the sample is considered for

luminosity function determinations. A completeness correction needs to be

taken into account via the correction factor C(Mi, zi), which depends on the

absolute magnitude and redshift of the galaxy. This factor can be estimated

using simulations of artificial galaxies inserted into the observed images.

Φ(M) =
∑
i

[
1

C(mi, z)Vmax,i

]
(1.13)

where the sum is over the N objects in the sample within the magnitude bin.

This co-moving volume corresponds to the full sky, 4π, and so would be scaled

according to the search area of the survey. This method works based on the

assumption of homogeneity and isotropy in the Universe, indicating that the

Universe is the same everywhere and in every direction when considering large

scales.

Consequently, the luminosity function is calculated by summing 1/Vmax for all

N galaxies in the bin. Another method that could be used to derive luminosity

function is the Maximum-Likelihood technique. The likelihood function (Marshall

et al. 1983) is defined as a product of the probabilities of observing exactly one

source in dzdL at the position of the ith galaxy for N galaxies in the sample

and of the probabilities of observing zero sources in all the other differential

elements in the luminosity redshift plane. This method allows one to utilise

luminosity/redshift bins that lack any sources, but it requires one to adopt a

functional form for the assumed evolution of the luminosity function (Koprowski

et al. 2017). Given good coverage of the luminosity-redshift plane, the standard

Vmax technique allows a model independent determination of the luminosity

function and its evolution. Hence, I chose to use this direct method of estimating

the luminosity function (Vmax) in this thesis.
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1.4.1 Functional Form

A Schechter function (Schechter 1976) and double power-law are the two major

functional forms usually used to describe the LF of galaxies. The former function,

defined below, is most often used to fit to the data:

dn

dL
= φ(L) = (

φ∗

L∗
)(
L

L∗
)αe−( L

L∗ ) (1.14)

where φ∗ is the normalisation density, L∗ is a characteristic luminosity and α

defines the faint-end slop, and is usually a negative number. The Schechter

function (Schechter 1976) is similar to the mathematical representation of the

structure formation model proposed by Press and Schechter (1974) for predicting

the number of objects (such as galaxies or galaxy clusters) of a certain mass

within a given volume of the Universe. The Press and Schechter model (Press

& Schechter 1974) implies that small objects collapse before large objects and so

depending on their redshift, one can predict the number of galaxies of a given

mass in a given volume. However, the Schechter function (Schechter 1976) differs

in a way that it allows the faint-end power-law slope to be adjusted to fit the

available data.

The double power law function, traditionally used in studies of the quasars and

Infrared LFs (e.g Dunlop 2013), is expressed as:

φ =
φ∗

100.4(M∗−M)(β−1) + 100.4(M∗−M)(γ−1)
(1.15)

where φ∗, M∗, β and γ are the normalization, the break magnitude, the faint-end

slope and the bright-end slope respectively.

Fig. 1.6 from Bowler et al. (2013) shows these two forms of the LF fitted to data

at z ∼ 7.

The z = 2 − 4 rest-frame UV galaxy LF will be discussed extensively in this

thesis, and hence I do not include a thorough literature review here. However,

the next section provides a brief overview of what is known about the galaxy UV

LF at z > 4.
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Figure 1.6 The z = 7 UV (∼ 1500 Å ) luminosity function. The Bowler et al.
(2013) results from the UltraVISTA DR2 and UDS fields are shown
as the red filled circles. The best-fitting Schechter function at z = 7
from McLure et al. (2013) is plotted as the black line, and the best-
fitting double power law is shown as the dashed line. Data points
determined by McLure et al. (2013) and Bouwens et al. (2011)
are shown extending to MUV = −17. The remaining data points
were obtained from wider-area ground-based surveys by Ouchi et al.
(2009a) and Castellano et al. (2010a,b)

18



1.4.2 High-redshift Evolution of Galaxy UV LF

Numerous studies have focused on galaxies at z > 4, utilising different space-

based and ground-based surveys. Giavalisco et al. (2004) probed the HST

GOODS field for z = 4 − 6 candidates, while studies of the z = 4 − 5 galaxy

population in the Subaru Deep Field (SDF) and Subaru XMM Newton Deep

Field were undertaken by Ouchi et al. (2004), before Yoshida et al. (2006) later

probed a deeper release of the SDF. Although, at z = 4, the LF faint-end slope

derived by Ouchi et al. (2004) was significantly steeper at α = −2.2, this was

arguably a consequence of a lack of fainter data to constrain the faint-end slope.

In contrast, Sawicki & Thompson (2006)’s Keck Deep Field sample of z = 4

candidates yielded a (highly uncertain) shallower faint-end slope. Moving to

z = 5, the Ouchi et al. (2004) study opted to fix the faint-end slope at α = −1.6

due to being unable to adequately constrain the Schechter parameterization. It

is clear from the uncertainty and inconsistency between the derived faint-end

slopes by these studies that the LFs at these epochs were poorly constrained at

this time. This was mainly due to an insufficient number of candidates and a

lack of deep data, which are key to making progress in constraining the shape of

the LF. In 2006, some further progress was made at the fainter end of the LF at

these redshifts, exploiting the Hubble Ultra Deep Field’s unrivalled depth in the

ACS optical bands. Beckwith et al. (2006) found, once again, that the faint-end

slope was consistent with α = −1.6 at z = 4, and this seemed to continue to

z ' 6. A study by Bouwens et al. (2007) combined these new data with the

existing HUDF05 data, NICMOS parallels and GOODS data to benefit from this

very deep imaging. What was found was that the faint-end slope was largely

unchanged between z = 4 (α = −1.73 ± 0.05) and z = 6 (α = −1.74 ± 0.16).

Further progress was to be made at the bright end of the LF at z = 5 − 6 by

McLure et al. (2009), who selected a sample via a photometric redshift analysis

of their ground-based UKIDSS UDS data. McLure et al. (2009) noted that

although their number densities were in good agreement with the Bouwens et al.

(2007) study, their Schechter parameterization was considerably different. These

results showed that there is a dimming of M∗ from z = 4 to z = 6 coupled with

evolution in φ∗.

A few years later, the installation of the the wide field camera WFC3/IR aboard

the Hubble Space Telescope in 2009, allowed exploration of the galaxy population

at z > 7. Consequently, the first studies of the galaxy LF at z = 7 came from

the first epoch observations of the HUDF09 programme (PI Illingworth). This
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was based on sixteen candidates found by Oesch et al. (2010a) in this new deep

near-IR imaging, combined with the already exceptionally deep ACS imaging

from previous HUDF programmes (i.e. Beckwith et al. 2006). These preliminary

results suggested that the faint-end slope was still entirely consistent with that

seen at previous redshifts at α = −1.77 ± 0.20. A complementary study by

Bouwens et al. (2009) found five z ∼ 8 candidates and suggested dimming of

∼ 0.7 mag in M∗ between z = 6− 8. The study by McLure et al. (2010) of this

data-set found a similar faint-end slope at z = 7, suggesting a drop in φ∗ towards

z ∼ 8. Other groups also studied the z ≥ 7 galaxy population from these new data

(Bunker et al. 2010; Lorenzoni et al. 2011, Wilkins et al. 2010, Yan et al. 2010).

A study by Bouwens et al. (2011b) of the HUDF and its parallels, combined with

wider-area data, produced a much steeper faint-end slope (α = −2.01 ± 0.21)

than the rest of the results in the literature, which were all around α = −1.7 at

the time. Such a steep slope suggested that there was a considerable population

of faint galaxies, extending beyond the detection limits available. Bouwens et

al. (2012a) discussed these implications, and how having such a large number

of faint galaxies helped to reinforce the interpretation that faint galaxies are the

main drivers of reionization, providing the bulk of the UV photons required for

IGM hydrogen ionization.

With the HUDF12 programme (PI Ellis), the Hubble Ultra Deep Field was

imaged to unprecedented depths in the near-IR and in particular, the z ∼ 9− 10

galaxy population became technically accessible via dual detections longward of

the Lyman break. Studies by McLure et al. (2013) and Schenker et al. (2013)

found faint-end slopes of α = −1.90±0.14 and −1.87±0.18 respectively at z = 7.

Proceeding to higher redshift, the McLure et al. (2013) result favoured a further

steepening of α similar to the Schenker et al. (2013) result. Finally, a new study

of the LF at z = 4− 8 by Bouwens et al. (2015) yielded similar faint-end slopes

and an evolution in number density normalization. In summary, the results in the

literature indicate some evolution in the faint end slope between z = 6−8, where

there is a steepening to α ' −2. While a well-established picture is being built

up in the literature, there are regimes in the LF that need tighter constraints,

particularly at the bright end. By including more data from the rarer, brighter

objects, some of the degeneracies in the Schechter parameters can be broken.

The bright end of the z = 8 LF was further constrained by data from the BoRG

programme, the data from which was used in the LF by McLure et al. (2013).

This ever-present need for wider area surveys has been addressed somewhat with

the ground-based UltraVISTA and UDS imaging. Recent work by Bowler et al.

20



Figure 1.7 An illustration of the observed evolution of the galaxy luminosity
function over the redshift interval 6 < z < 8 from McLure et al.
(2013). The blue and red data-points are the galaxy luminosity
function at z = 7 and z = 8 from McLure et al. (2013), while
the green data-points show the determination of the z = 6 luminosity
function from McLure et al. (2009). The corresponding curves show
the results of fitting the binned LF data with Schechter functions.

(2014), who studied 1.65 sq. degrees including the UDS field and UltraVISTA

fields, had found 34 bright galaxies at z ∼ 7, extending the dynamic range in

luminosity to almost MUV = −23 mag. Bowler et al. (2014) found that a double

power-law function fitted their data better than a Schechter function at z > 5

due to the higher abundance of bright galaxies in their sample.

Fig. 1.7 shows the evolution of galaxy UV LF over the redshift interval 6 < z < 8

from McLure et al. (2013).

The very bright end of the LF at z > 4 has been successfully studied using ground-

based survey fields, which provide degree-scale imaging, albeit to shallower depths

(e.g. at z = 5− 6: McLure et al. 2009, Willott et al. 2013, and at z > 7: Ouchi

et al. 2009a, Castellano et al. 2010a,b, Bowler et al., 2012, 2014). However,

there are still some disagreements concerning the evolution of the faint-end slope.

In general, variations in the treatment for completeness and selection functions

between studies can affect the number densities calculated and consequently the

LF parameters. How studies cater for the potential contamination by low-redshift
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interlopers can also differ. In addition, different surveys of the same area and

depth can also yield very different luminosity function constraints if there are

significant under- or over-densities of candidates specific to those fields.

1.4.3 Luminosity Density

Once the UV LF at a given redshift has been determined, one can measure the UV

luminosity density, through a luminosity-weighted integration of the Schechter

function:

ρUV =

∫ ∞
L
L∗

L∗φ∗(
Lα+1

L∗
)exp(

−L
L∗

d(
L

L∗
)) (1.16)

where L∗ is the characteristic UV luminosity (i.e. for characteristic absolute

magnitude M∗). This is effectively integrating the luminosities of all galaxies

brighter than some defined luminosity limit, L. Typically, this limit corresponds

to MUV = −17 or L = 0.03L∗ at z = 3 which comes from the characteristic

luminosity as found by Steidel et al. (1999).

1.5 Cosmic Star Formation Rate Density

The star-formation rate density can be observationally determined via the UV

luminosity density, ρUV , which is calculated through the luminosity-weighted

integration of the galaxy UV luminosity function as described above. The UV

continuum of a stellar population is mostly dominated by late O- and early B-stars

with masses> 5M� and it therefore provides a good estimate of the star formation

over timescales of a few hundred Myr. Thus, this ρUV is an observational proxy

for the cosmic star-formation rate density (ρSFR) at a given epoch. Converting

the UV luminosity density to a star-formation rate (SFR) density requires making

some assumptions about how the UV-emitting stellar population was built up.

Typically one assumes that star-formation has been proceeding at a constant rate

for> 100 Myr up to the time of observation (Madau et al. 1998). This assumption

results in a SFR density function which increases with cosmic time to z ' 2, and

then drops to z = 0 (e.g. Sargent et al. 2012). The main disadvantage of this

method is that the UV light is significantly obscured by even a small amount of

dust, and a correction from UV luminosity to SFR has to be applied. However,
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these correction factors can be reasonably well constrained from UV to IR flux

ratios or from UV continuum slopes (e.g. Reddy et al. 2008, Bouwens et al.

2009b).

To calculate this rate, the LF of the sources within each redshift epoch needs

to be calculated and then a conversion as in Madau (1998) (see Kennicutt

1998; Kennicutt & Evans 2012), prescribed below, is applied to convert the

UV luminosity to the SFR for a constantly star forming population assuming

a Salpeter (1955) IMF :

ρUV = κ
ρSFR

M�yr−1
erg s−1Hz−1 (1.17)

where κ is a constant (see Kennicutt 1998; Kennicutt & Evans 2012). This

constant is derived from fitting the observed SEDs of galaxies to the predictions of

galaxy models of known star-formation rate. The precise value of this conversion

factor, κ, for each different wavelength regime is sensitive to the recent star-

formation and metal-enrichment history, as well as the choice of the IMF. Often

the adopted value of κ assumes a constant star-formation rate over the previous

100 Myr (Kennicutt & Evans 2012).

As the UV LF results now agree reasonably well across the literature at z = 4−8,

the measurements of ρUV and ρSFR at these epochs are also in general consensus.

A general view of the cosmic history of star-formation rate is shown in Fig.

1.8 from Madau & Dickinson (2014), showing the total SFR per unit volume

versus redshift. The calculated values have been corrected for dust effects as

these significantly affect measurements of UV emission. Fig. 1.8 shows clearly a

smooth decline in the star-formation rate density between z = 3 − 8. This can

be expected based on the UV LF evolution towards higher redshifts, discussed in

the previous section.

A recent study by McLeod et al. (2014) determines the star-formation rate density

up to z ' 10 (Fig. 1.9), and shows that it declines smoothly towards higher

redshift, z > 8. It is clear from this figure that the exact determination of SFR,

especially at higher redshifts, is challenging due to numerous reasons such as the

conversion of observed flux to actual SFR, the completeness of the surveys and

the correction for dust extinction. However, the UV slopes and correction factors

are currently not so well constrained at the very highest redshifts. InfraRed data

could be used to directly verify this, but this analysis has not yet been carried
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Figure 1.8 The history of cosmic star formation from far-ultraviolet+ infrared
measurements from Madau & Dickinson (2014). All UV
luminosities have been converted to instantaneous star formation
rate densities using the factor κFUV = 1.15 × 10−28, valid for a
Salpeter IMF. Far-infrared luminosities (8 – 1000 µm) have been
converted to instantaneous star formation rates using the factor
κIR = 4.5× 10−44, also valid for a Salpeter IMF.
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Figure 1.9 The evolution of the inferred star-formation rate density from the
observed co-moving UV luminosity density versus redshift (from z '
5 to z ' 10) from McLeod et al. (2014); ρUV was converted to
ρSFR assuming a Salpeter IMF and the UV-to-SFR conversion of
Madau, Pozzetti & Dickinson (1998). The filled black data-points
result from the luminosity-weighted integration of the UV LFs down
to M1500 = −17.7. The grey point at z ' 10 is taken from Oesch et
al. (2014b).

out in earnest (see discussion in Madau&Dickinson 2014).

From the general shape of the ‘Madau plot’, it can be concluded that the peak

of star formation in the Universe seems to occur around intermediate redshifts,

i.e. z ∼ 2− 3, which is the focal point for a discussion in this thesis.

1.6 Open Questions

In extra-galactic astronomy, it is very challenging to directly trace the evolution

of the system under study. Deep observations of the universe merely provide

snapshots of the galaxy population at different cosmic times, which have to be

connected statistically. The previous sections have provided a broad overview of

our current understanding of galaxy formation and evolution across the last 13

Gyr. While in recent years technological advances and large surveys have led to

great progress, there still are some current key issues, over which there remains
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considerable controversy :

1. As explained in Section 1.4 , having access to recent very deep observations

has motivated new studies of the galaxy UV luminosity function (LF)

mainly at very high-redshift (z > 4) (galaxies are detected even at z ∼ 10;

McLure et al. 2013, Bouwens, et el. 2014, McLeod et el. 2016). Hence, the

focus has been directed from the intermediate redshifts (z = 2−4), when the

peak of star-formation is shown to occur. Determining the exact epoch that

the galaxies were forming most of their stars, through star formation rate

density (SFRD) calculation, depends significantly on the UV luminosity

density. This requires robust measurements of the galaxy UV luminosity

function and its accurate parameterization which has its own uncertainties

and complexity.

The first detailed study of the galaxy UV LF at z ' 2− 3 was undertaken

by Reddy & Steidel (2009) and a key result of this paper was the derivation

of an extremely steep faint-end slope for the UV LF at these intermediate

redshifts. Subsequent, deeper HST studies appear to have confirmed this

result but there has not been universal agreement about the steepness of

the faint-end slope at this redshift range. Hathi et al. (2010) and Sawicki

(2012) have shown a shallower value, also confirmed by recent studies

based on galactic archaeology techniques. Furthermore, measurements of

the effective dust extinction as a function of redshift, shown in Fig. 1.7

(right) by Madau & Dickinson (2014), span quite a broad range over the

intermediate redshifts, suggesting that there is still more work to be done

to firmly determine this quantity.

Such results are interesting, but this controversy and uncertainty simply

reinforce the importance of undertaking a new, direct investigation of the

UV LF and robustly constraining the faint-end slope of the galaxy UV LF

at this key epoch in cosmic history. Furthermore, the galaxy simulations

can play a role in ‘following’ galaxy evolution (Somerville & Davé 2014).

2. As a consequence of the latest high-redshift galaxy surveys, enabling

measurements of the evolving rest-frame UV galaxy luminosity function

out to at least z ' 10, it appears that the rapidly growing population of

early star-forming galaxies could indeed have provided sufficient high-energy

photons to produce/maintain cosmic hydrogen reionization at high redshift.

However, the ionizing photon escape fraction from these sources is generally
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Figure 1.10 Left panel: SFR densities in the Far-UV (uncorrected for dust
attenuation) and in the far-infrared adopted from Madau &
Dickinson (2014). All UV and IR luminosities have been converted
to instantaneous star formation rate densities using the factors
κFUV = 1.15× 10−28 and κIR = 4.5× 10−44 (cgs units) valid for a
Salpeter IMF. Right panel: Mean dust attenuation in magnitudes
as a function of redshift. Most of the data points shown are based
on ultraviolet spectral slopes or stellar population model fitting.Two
versions of the attenuation factors are shown for UV-selected
galaxies at 2 < z < 7 (Reddy & Steidel 2009; Bouwens et al.
2012a; offset slightly in the redshift axis for clarity): one integrated
over the observed population (filled symbols), the other extrapolated
down down to LFUV = 0 (open symbols). Red, pink and green
circles represent the IR, LBGs and UV data respectively.
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required to be ' 10− 20% to achieve timely reionization. This uncertainty

along with the existence of supermassive black-holes at z > 7 (Mortlock

et al. 2011), generate interest in the possibility that active galactic nuclei

(AGN) could have played a significant role in cosmic hydrogen reionization.

This requires a better measurement of the faint-end slope of the AGN LF

at high redshift, indicating the abundance of these sources at that epoch.

A number of bright quasars have been observed so far with the Sloan Digital

Sky Survey; however, this survey only allows astronomers to learn about

the most distant, brightest objects in the Universe and deeper data are

required to detect the faint high-redshift AGNs. More recently, the 4 Ms

Chandra imaging in the Chandra Deep Field South (CDF-S) survey (Xue

et al. 2011) has enabled searching for X-ray detections at the positions

of known high-redshift galaxies in the deep optical+near-IR imaging within

the central GOODS-S field. Although some recent studies have reported the

discovery of several new X-ray AGN at z > 3, exploiting a robust detection

technique, pushing the detection of faint high-redshift AGNs to its faintest

limit, and a meaningful determination of the faint-end slope of the AGN LF

at higher redshifts still proved elusive. Furthermore, there is no universal

agreement between the theoretical and observational results in the literature

and this motivates a new approach to investigate the contribution of faint

high-redshift AGNs to the cosmic hydrogen reionization at high-redshift.

3. Despite the considerable progress made over the last decade, our under-

standing of the early evolution of stellar-mass growth is still incomplete

and several puzzling issues have yet to be resolved. Red galaxies are

shown to be abundant at 1 < z < 2 (Arnouts et al. 2007, Ilbert et

al. 2010), implying that the quenching of star forming galaxies must be

extremely efficient at z > 1. Furthermore, low levels of star–formation

rates at z ' 1.5− 2 have been detected by imaging surveys based on colour

criteria (e.g., Daddi et al. 2004) and by spectroscopic observations of red

galaxy samples (Cimatti et al. 2004). However, validation of this prediction

is still uncertain. Recently, large multi-wavelength surveys have allowed

scientists to measure the fraction of quiescent and star-forming galaxies

over a large portion of cosmic time, and they have shown that both the

number density of quiescent galaxies, as well as their total stellar-mass

density, increases steadily with time since at least z ∼ 3 − 4. However,

these results depend significantly on the considered survey as well as the

methods used to calculate photometric redshift and stellar-mass, and the
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technique used to identify quiescent galaxies.

Beyond z ∼ 1 observations are challenging and limited either by depth or

small numbers of objects in relatively small fields, making the computation

of the massive end of the mass function challenging and the lower mass end

difficult to constrain. Therefore, having access to deep data is essential to

probe the low–mass end of the mass function beyond z ∼ 2. This requires a

statistically well-defined sample of early–type galaxies at high redshift, and

a robust common criterion to distinguish between the passive and active

galaxies in the data. To approach this, availability of deep wide field near-

IR multi-band photometry is essential as a powerful tool for distinguishing

between the two classes of galaxies at high redshift. Furthermore, it is still

uncertain whether colour and photometric redshift galaxy selection provide

a robust sample of passive galaxies at high-redshift, making it another open

problem.

1.7 Overview of Thesis

The main goal of this thesis is to utilise the CANDELS/GOODS-S and Hubble

Ultra Deep Field projects combined with the UltraVISTA/COSMOS survey

to create a combined data-set to attempt to address the aforementioned three

unresolved issues.

Firstly, the main technique of determining photometric redshift of sources within

these three surveys and the applied adjustments to the photometric catalogues

are described in Chapter 2 also showing the comparisons of our results with the

previously published photometric redshifts in the literature. Then, the next two

chapters of the thesis follow the works published in Parsa et al. (2016) and Parsa,

Dunlop and McLure (2017).

In Chapter 3, I start by presenting the galaxy UV LF at z = 2−4 and its evolution

towards higher redshifts. Having access to deep data allows me to constrain

the faint-end slope of the galaxy UV LF at this important redshift interval and

address the first problem mentioned in previous section. After undertaking a

comprehensive comparisons of my new results with the previous studies, I then

infer the rest-frame UV luminosity density by integrating the luminosity weighted

LF at z ' 2, 3 and 4 and comment on the peak of cosmic star-formation.
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Studying the evolutionary trend of the galaxy UV LF parameters towards higher

redshifts helps me understand the contribution of star-forming faint galaxies to

the hydrogen reionization, but investigating the abundance of high redshift faint

AGNs at high redshift is essential to validate this scenario. This then forms the

work of Chapter 4, which I extend my skills and reinvestigate the possibility of

active galactic nuclei (AGN) contribution to the hydrogen reionization at z ∼ 6

based on a claimed sample of 22 X-ray detected AGN at redshifts z > 4. I focus

on examining both the robustness of the claimed X-ray detections (within the

Chandra 4Ms imaging) and perform a new analysis of the photometric redshift.

I then recalculate the evolving far-UV (1500 Å) luminosity density produced by

AGN at high redshift, and comment on the inferred hydrogen-ionizing emissivity

of these sources at z ' 6.

My main purpose of the final science chapter, Chapter 5, is to address the

last open question of previous section. Considering only the HUDF data-set,

providing the deepest near-IR imaging, I examine the effectiveness of a traditional

UVJ colour-selection method, used to identify passive galaxies. Hence, I generate

a sample of potential passive sources at 3 < z < 4.5 within this small deep field,

and investigate their redshift reliability and physical parameters, inferred from

SED fitting. This would allow me to modify the criteria of this colour-selection

method in order to select quenched high-redshift galaxies as robustly as possible

and to measure their contribution to the stellar-mass density at early times.

I conclude by commenting on the reliability of colour and photometric redshift

selection methods in distinguishing between the passive and star-forming galaxies.

I end with Chapter 6, giving a summary of the conclusions and a look forward to

future work.
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Chapter 2

Observational and Computational

Methods

Rapid advances in our understanding of galaxy evolution have been prompted

by the recognition that observations covering the full spectrum are necessary

to adequately interpret the physical nature of galaxies. Various space and

ground-based observations have improved the multi-colour imaging: the Great

Observatories Origins Deep Survey (GOODS; Dickinson et al. 2003a), the deepest

Chandra X-ray observations (Alexander et al. 2003), HST ACS optical imaging

(Giavalisco et al. 2004b), Spitzer IR to far-IR imaging (Dickinson et al. 2003a),

GALEX far and near-UV imaging (Schiminovich et al. 2003), ground-based

optical and near-IR imaging ( Capak et al. 2004; Cowie et al. 2004; Vanzella et

al. 2005), and radio/submillimeter observations (Richards et al. 2000; Pope et

al. 2005).

This chapter explains the main data sets used in this thesis and the methods of

analysing these data. Firstly, each survey is described and then the photometry

techniques performed on the multi-wavelength images are explained. We conclude

by discussing different stellar population synthesis model fitting techniques,

photometric redshift estimation. The main results of this work, and their

accuracy, are explained in the final section.
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2.1 Multi-wavelength Survey

Various surveys and data have been used in this work to create comprehensive

UV to mid-IR photometric catalogues. The main surveys and the telescopes used

to construct them are described below.

2.1.1 Space-based Surveys

CANDELS/HUDF

The Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey (CAN-

DELS) is one of the most powerful optical/near-IR imaging surveys of the distant

universe. It is based on imaging with the two cameras (ACS and WFC3/IR)

on board the Hubble Space Telescope (HST). This survey (Grogin et al. 2011,

Koekemoer et al. 2011) is designed to document galaxy evolution from z ' 8 to

z ' 1.5 via deep imaging of more than 250,000 galaxies, with the WFC3/IR and

ACS cameras, capturing the near-IR and optical observations respectively. Major

scientific goals of the CANDELS programme are the assembly of statistically

useful samples of galaxies at 6 < z < 9 and the measurement of the morphology

and internal colour structure of galaxies at z = 2 − 3. CANDELS targets five

different multi-wavelength sky regions: a wide imaging survey to 2−orbit J +H

depth over 720 arcmin2 in the COSMOS, EGS, and UDS fields and a Deep imaging

survey to ∼ 12 orbit Y +J+H depth in the two GOODS fields (North and South),

tiling ∼ 60 arcmin2 in each field.

Within the CANDELS/GOODS-S region lies the Hubble Ultra Deep Field

(HUDF) region which includes the deepest observations ever taken. This small

region is crucial in detecting and studying very high-redshift objects.

The mid-infrared data provided for the CANDELS/GOODS targeted regions have

been obtained with the Spitzer space telescope (McLure et al. 2011; Ashby et al.

2013) at 3.6, 4.5, 5.8 and 8 µm with the Infra-Red Array Camera (IRAC) (Fazio

et al. 2004). These data are substantially deeper in the first two channels than at

longer wavelengths and so we only utilize the IRAC 3.6 and 4.5 µm observations

in our work.
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2.1.2 Ground-based Surveys

HUGS

HAWK-I Ultra Deep Survey and GOODS Survey (HUGS; PI, A. Fontana) is a

new ultra-deep near-infrared imaging survey completed using the HAWK-I imager

(the High Acuity Wide field K-band Imager; Kissler-Patig et al. 2008) at the VLT.

This survey delivers the deepest, highest quality images ever collected in the K-

band and complements the data over two of the three CANDELS fields accessible

from Paranal; GOODS-South and Ultra-Deep Survey (UDS). The ultra-deep Y, J,

H and K-band imaging within the CANDELS/COSMOS field is already available

from the UltraVISTA survey (explained in the next sub-section.).

A primary goal of HUGS is the measurement of the evolution of the galaxy

mass function at high redshift, especially at the faint end where K-band selected

samples are required to be as complete in mass as possible.

Ultra-VISTA

The UltraVISTA survey is a 5-year ground-based public survey on the Cosmo-

logical Evolution (COSMOS) field (Scoville et al., 2007b) with the near-infrared

camera VIRCAM (Dalton et al., 2006) on the new VISTA survey telescope at

Paranal in Chile (Emerson & Sutherland, 2010) which commenced in 2010. The

first public data release of the fully-reduced year-1 data was made through ESO

in Feb 2012 (McCracken et al., 2012). This survey images the COSMOS fields in

5 different bands and results in three surveys :

1. ultra-deep broad-band (Y, J,H,Ks) survey covering 0.73 deg2

2. deep broad-band (Y, J,H,Ks) survey covering the full 1.5 deg2 field

3. narrow-band survey covering the same region as the ultra-deep broad-band

survey.

UKIDSS

The CANDELS/UDS region has been targeted by the UK Infrared Telescope

(UKIRT) in Hawaii with the WFCAM instrument. The UKIRT Infrared Deep
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Sky Survey (UKIDSS), with similar depth as the Ultra-VISTA survey, is the next

generation near-infrared sky survey aiming to understand how and when galaxies

are formed and trace their evolution over the last 13 billion years. UKIDSS began

in May 2005 and the final images were released on June 28, 2016.

2.2 Multi-wavelength Photometry

Having access to multi-wavelength photometry is crucial in galaxy evolution

studies, due to the limits and problems with the spectroscopic techniques. While

targeted spectroscopy remains the best and most robust way of determining a

galaxy’s redshift, metallicity and the conditions of its surrounding inter-galactic

medium, spectroscopy of galaxies in blind flux-limited surveys can be quite

inefficient and expensive, particularly if one only wants to study galaxies at certain

cosmological epochs. Although recent improvements in the near-IR have allowed

deep grism spectroscopy such as the 3D-HST programme (Brammer et al. 2012),

medium-band surveys such as the NEWFIRM NMBS (van Dokkum et al. 2009,

Whitaker et al. 2011) and narrow-band surveys such as HiZELS (Geach et al.

2008), having reasonable multi-wavelength data plays a crucial role in enabling

large samples of galaxies in particular redshift ranges. This is especially important

for studying the high-redshift sources.

Photometry of a galaxy in each filter band is usually measured via source

detection software in which a catalogue of sources is constructed from the imaging

data. The SourceExtractor (Bertin & Arnouts 1996) is the main software used in

this thesis for both the detection of objects and photometric measurements; two

main photometry techniques are described below.

2.2.1 Circular Aperture

The power and simplicity of this technique is that all sources and also source-free

regions or sky can be treated equally irrespective of the galaxy size or morphology,

as fixed-diameter circular apertures are used to measure the brightness of the

objects. This determines how much flux is measured for an object as a function

of aperture radius from the centre. However, it is important to determine an

appropriate size of circular aperture for robust measurements as one wants to

capture as much of the total flux of an object as possible, while at the same time
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maximizing the S/N and avoiding contaminating this from neighbouring objects.

In order to construct an accurate SED from multi-wavelength photometry, the

same portion of the galaxy must be considered in photometric measurements in

each waveband. Employing smaller apertures can push the depth of the imaging

further but requires higher aperture corrections which may become unreasonably

uncertain. Consequently, an optimal aperture size must be chosen to enclose a

reasonable fraction of the galaxy light as well as covering little sky-dominated

noise. One should be careful with this approach as being idealized for a point-

source, the accuracy breaks down for sufficiently extended sources and the light

outside the aperture for such objects with this technique is often underestimated.

2.2.2 Iso-photal Photometry

Another type of photometry technique measures the observed light from a source

based on isophotal apertures. This approach, which is relevant to this thesis,

differs in that it attempts to derive the photometry of a source based on an

effective perimeter as the image region, around the source, which is brighter

than some threshold value and considers an estimated shape of an object via

its isophotal footprint. Consequently, the aperture photometry is performed by

treating this isophot as an arbitrarily shaped aperture.

While this can be seen as advantageous over the previous method, it can still miss

flux in the wings of extended objects. Additionally, realistic sources have different

isophotal enclosed areas in different wavebands whereas isophotal photometry

technique relies on the assumption that the size of the object is wavelength

independent. These issues could have an impact on derived photometry and

colours when adopting this methodology and therefore isophotes must be defined

in one band and honoured in all others.

Consequently, isophotal footprints for the analysis of this work rely on the

HST/WFC3 H160 image as the detection band to yield consistent isophotal-

based colours and build comprehensive multi-wavelength photometric catalogues.

Fig. 2.1 shows the main filter bands used for photometric measurements in this

work.
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Figure 2.1 HST/ACS and HST/WFC3 optical and IR filter response curves,
along with the V LT/U , Hawk− I/Ks and Spitzer IRAC imaging
used in the search for high- redshift galaxies.

2.3 The survey ‘Wedding Cake’

In order to study galaxy evolution accurately and be able to constrain each

part of a galaxy luminosity function, surveys spanning a large dynamic range

are required. Consequently, a standard strategy is to adopt a “wedding cake”

structure for surveys, whereby there are differing tiers of survey in terms of depth

and area. As one ascends the tiers, the surveys are progressively deeper, due to

higher integration times, allowing for the detection of intrinsically fainter galaxies,

but at the cost of search area. This approach works because brighter galaxies

are much rarer, and so require a wide area of the order of square degrees to

find significant numbers, whereas the fainter galaxies are more numerous and so

significant numbers can be detected in smaller but deeper surveys.

In this thesis, the survey wedding cake is constructed from the three tiers

described below. The 5σ depth for each of these surveys tiers are given Table 2.1.

The basic idea with lower resolution data is that due to the angular resolution,

neighbouring galaxies can be blended or confused, and the aim of a deconfusion

method is to find a best-fit model in order to deconfuse the fluxes of each

of the galaxies. Three comparable models have been broadly used in the

literature; TPhot uses spatial and morphological information gathered from a

High Resolution Image to measure the fluxes in a Low Resolution Image. To this

end, a linear system is built and solved via matricial computing, minimizing the

χ2. A template-fitting method (TFIT) uses a priori knowledge of the existence,

positions, and morphologies of sources in a HST image. In principle, this

technique produces optimally weighted photometry that maximizes the signal-
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to-noise ratio and provides a measurement of flux in the low-resolution image for

every object in the high-resolution image. The third method described in Mclure

et al. (2013) is a single step matrix solution to measure the flux of each object

based on its photometry from the high-resolution image. Data sets of these three

surveys have been deconfused based on different methods; however, as the main

strategy of each individual technique is similar, this should not affect the results

of this analysis.

2.3.1 HUDF12

The deepest data-set we analyse, which is crucial for constraining the faint-

end of the galaxy UV LF and investigating the faintest galaxies, is the multi-

band imaging of the Hubble Ultra Deep Field completed in 2012 (HUDF12),

covering an area of ' 4.5 arcmin2. This latest comprehensive data-set consists

of the deepest near-infrared imaging obtained with HST WFC3/IR from the

HUDF09 and HUDF12 programmes (Bouwens et al. 2010; Ellis et al. 2013;

Koekemoer et al. 2013), and the original optical HST ACS imaging (Beckwith

et al. 2006) supplemented by new deep i814 imaging. To maximise wavelength

coverage, we have supplemented the HST data with the public VLT GOODS-S U

imaging (Nonino et al. 2009), the Hawk-I Ks imaging from the HUGS programme

(Fontana et al. 2014), and the deepest available IRAC imaging (McLure et al.

2011; Ashby et al. 2013).

Galaxy detection and photometry from this deep HST imaging data-set was

undertaken using sextractor v2.8.6 (Bertin & Arnouts 1996) in dual-image

mode with H160 as the detection image and the flux-iso as the observed

isophotal flux. In order to obtain consistent resolution-matched photometry, the

lower resolution U , Ks and IRAC images were deconfused using the technique

described in McLure et al. (2011). Our final photometric catalogue for the HUDF

includes the photometry of 2864 sources with H160 < 29.5, measured in the U ,

B435, V606, i775, i814, z850, Y105, J125, J140, H160, Ks, IRAC3.6µm and IRAC4.5µm

bands.
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2.3.2 GOODS-S

We have extended our survey to include the GOODS-South field. To provide

the next tier of the survey ‘wedding cake’, we have used the publicly-available

HST WFC3/IR and HST ACS imaging of the Great Observatories Origins Deep

Survey South (GOODS-S) field provided by the Cosmic Assembly Near-Infrared

Deep Extragalactic Legacy Survey (CANDELS) (Grogin et al. 2011; Koekemoer

et al. 2011; Windhorst et al. 2011), and the associated pre-existing HST optical

(Giavalisco et al. 2004; Riess et al. 2007), ground-based VLT U -band (Nonino

et al. 2009) and Ks-band (Retzlaff et al. 2010; Fontana et al. 2014), and Spitzer

IRAC imaging (Ashby et al. 2013), as summarized by Guo et al. (2013).

Consistent with the production of the HUDF catalogue, the sources were detected,

and their isophotal fluxes in the HST bands measured using sextractor v2.8.6

(Bertin & Arnouts 1996) in dual-image mode, again with H160 as the detection

image. As described in Guo et al. (2013), in this field the Template FITting

(tfit) method (Laidler et al. 2007) has been applied to generate the matched

photometry from the lower angular resolution U , Ks and IRAC imaging. The

GOODS-S catalogue provided by Guo et al. (2013) contains 34930 sources in an

area of 173 arcmin2, with photometry in the U , B435, V606, i775, z850, Y098, Y105,

J125, H160, Ks, IRAC3.6µm and IRAC4.5µm bands.

2.3.3 UltraVISTA/COSMOS

The broadband/shallowest tier in our survey wedding cake is provided by

UltraVISTA.

Data Release 2 (DR2) of the UltraVISTA survey (McCracken et al. 2012) provides

deep near-infrared imaging in 4 deep strips which overlap ' 0.7 deg2 of the

area also covered by the HST imaging of the Cosmological Evolution Survey

(COSMOS; Scoville et al. 2007), and by the Canada-France-Hawaii Telescope

Legacy Survey (CFHTLS) MegaCam deep optical imaging. As discussed in

Bowler et al. (2012, 2014, 2015), for the central square degree covered by the

CFHTLS D2 imaging, very deep Subaru Suprime-Cam z-band imaging has also

been obtained. The photometry of the sources in the UltraVISTA+COSMOS

imaging has been measured in 2′′ diameter apertures using sextractor in dual

image mode. The detection image used in this case is the i′−band image from the
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T0007 release of the CFHTLS. These fluxes have been converted to total using the

i′−band FLUX AUTO parameter, and in this case the new tphot code (Merlin

et al. 2015) has been used to obtain deconfused, resolution-matched IRAC fluxes.

The final UltraVISTA+COSMOS catalogue utilised here contains 89614 galaxies

with i′ < 26, selected from an area of 0.482 deg2 (reduced to an effective survey

area of 0.292 deg2 after masking for bright objects, and diffraction spikes etc),

and provides photometry in the u, g, r, i′, and z′−bands from the CFHTLS,

the z−band from Suprime-Cam on Subaru, the Y , J , H, and Ks bands from

UltraVISTA, and deconfused IRAC3.6µm and IRAC4.5µm photometry from a

combination of the Spitzer Extended Deep Survey (SEDS; PI: Fazio; Ashby et al.

2013) and the Spitzer Large Area Survey with Hyper-SuprimeCam (SPLASH;

PI: Capak).

2.4 Redshift Estimation

Studying the absorption and emission lines in the spectrum of the astronomical

objects and measuring the position of these spectral lines can determine which

elements are present in the source. However, for almost all extragalactic objects,

the observed spectral lines are shifted towards longer wavelengths and this

phenomenon is known as redshift. The kinematical Doppler effect of special

relativity and the effect of the expansion of the Universe are the main two causes of

this shift. Consequently, having knowledge of the redshift, defined in equation 2.1,

is crucial in studying the properties and signatures of a galaxy.

z =
λobserved − λintrinsic

λintrinsic
(2.1)

where λobserved and λintrinsic represent the detected and the emitted wavelength

of light of the source respectively.

This spectral shift can be studied spectroscopically and photometrically. The

first method studies mainly the individual spectral lines (emission or absorption)

and the latter mainly targets the spectral breaks such as the Lyman-limit, 912 Å

, at z < 5 and the Lyman-break, 1216 Å , at z > 5.
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Table 2.1 A summary of the photometry used in this study, giving the 5σ
detection limits in each filter/field as appropriate. The filter names
are as summarized at the beginning of subsections of section 2.3.
For the HST photometry the depths given refer to total magnitudes,
as derived from small-aperture magnitudes assuming point-source
corrections (McLure et al. 2013). The Spitzer IRAC depths also
refer to total magnitudes, as derived using TPHOT (Merlin et al.
2015). The depths for the ground-based photometry are based on 2-
arcsec diameter aperture measurements.

Filter Survey

HUDF CANDELS/ UltraVISTA/
GOODS-S COSMOS

U 28.0 28.0 -
u - - 27.0
B435 29.7 28.0 -
g - - 27.1
V606 30.2 28.4 -
r - - 26.6
i775 29.9 27.8 -
i′ - - 26.3
i814 29.8 - -
z′ - - 25.4
z - - 26.4
z850 29.1 27.5 -
Y105 29.7 27.9 -
Y - - 25.1
J125 29.2 27.7 -
J - - 24.9
J140 29.2 - -
H160 29.2 27.3 -
H - - 24.6
Ks 26.5 26.5 24.8
IRAC3.6 26.5 26.5 25.2
IRAC4.5 26.3 26.3 25.2
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2.4.1 Spectroscopic Redshifts

In order to determine the actual redshift of a source, strong emission and

absorption lines in the spectra of the galaxy are used. These can be obtained from

the spectra measured by the optical spectrographs or based on the HST/WFC3-

IR grism spectroscopy resulting in grism redshifts. However, due to technical

limitations, these methods are not always practical especially for very faint

galaxies.

Despite the fact that the HUDF, GOODS-S and COSMOS fields have been

targeted by several of the most dense and deep spectroscopic surveys ever

undertaken, typically at most ' 10% of the galaxies in our photometric samples

possess high-quality spectroscopic redshifts. Nonetheless, spectroscopic redshift

information is crucial for refining and quantifying the accuracy (e.g. σ) and

reliability (e.g. number of catastrophic outliers) of photometric redshifts.

To approach this, a comprehensive spectroscopic catalogue has been assembled

from the literature including the very latest spectroscopic redshift information in

each field. Within the GOODS-S field (including the HUDF) we have assembled

a sample of 2799 galaxies with high-quality redshifts (218 of which lie within

the area covered by the WFC3/IR imaging of the HUDF). We have confined our

selection to only the very highest quality flags assigned to the redshifts obtained

by each study in the literature, and the resulting redshift distribution of our final

spectroscopic galaxy sub-sample (after removal of any stars or AGN) is shown

in Fig. 2.2. As illustrated by the blue histogram in Fig. 2.2, the majority of

this spectroscopic redshift information (1917 redshifts) has been obtained from

ground-based optical spectroscopy (Balestra et al. 2010; Cimatti et al. 2008;

Cristiani et al. 2000; Croom et al. 2001; Dohetry et al. 2005; Szokoly et al.

2004; LeFevre et al. 2004; Mignoli et al. 2005; Roche et al. 2006; Silver et

al. 2010; Strolger et al. 2004; Vanzella et al. 2008). However, as illustrated by

the red histogram, it can also be seen that recent HST WFC3/IR near-infrared

grism spectroscopy (Skelton et al. 2014; Morris et al. 2015), has now made an

important contribution to the redshift coverage in this deep field (982 redshifts),

in particular helping to fill in the traditional ‘redshift desert’ between z ' 1.2

and z ' 2, where relatively few strong emission lines are accessible in the optical

regime.

Within the COSMOS field we utilized a sample of 1877 high-quality redshifts as
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Figure 2.2 The distribution of our compiled sample of 2799 high-quality
spectroscopic redshifts. Red indicates the grism redshifts within the
GOODS-S region determined by the CANDELS team and the 3D-
HST survey.

provided by the public z-COSMOS survey (Lilly et al. 2007).

2.4.2 Photometric Redshifts

Photometric observations are crucial to enable redshift estimates for objects

fainter than spectroscopic limits and they provide information for larger samples

of galaxies. Furthermore, they are more efficient in terms of the number of

objects per unit of telescope time and also in terms of studying the statistical

properties of galaxies and their evolution, as photometric data are used to invert

a set of observable parameters (e.g colours) of galaxies into estimates of their

physical properties (e.g redshift, luminosity). Recent improvements in telescope

technology allow astronomers to provide deep multi-wavelenth photometric

catalogues which can be used to estimate the photometric redshifts to very high

redshift limits. This enhances our knowledge of the luminosity function to very

faint limits at very high redshifts.
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Empirical methods estimate the most accurate photometric redshifts based on

large training sets of spectroscopically observed galaxies. These techniques can be

applied to galaxies with colours that lie within the range of colours and redshifts

found within the training set. The photometric redshifts are estimated based on

fitting the relation between the spectroscopic redshift of a galaxy and its colour or

magnitude (Connolly et al. 1995). One of the most dominant uncertainties of this

technique comes from the fact that the fitting function is just an approximation

of the relation between colours and redshift of a galaxy. Some examples of these

methods are BDT (Gerdes et al. 2010) and ANNz (Collister & Lahav 2004).

However, these techniques are not always practical as having a large training set

of spectroscopically observed galaxies is not always available.

Template-based techniques are essential tools in photometric redshift estimation

as they are free from the limitation of a training set and can be applied over a

wide range of redshifts and intrinsic colours. However, they rely on having a set

of galaxy templates that accurately map the true distribution of galaxy spectral

energy distributions. Two types of template models can be considered in this

strategy; empirical and theoretical. A set of spectrophotometrically calibrated

spectral templates is not easy to obtain, firstly, because it is complex to calibrate

them spectrophotometrically over the full spectral range and secondly because we

need spectra over a wide wavelength range (3000 - 12000 Å). Consequently, the

theoretical templates are generally used and these techniques are mainly based

on stellar population synthesis model fitting. These template models can be

artificially redshifted and convolved with filter transmission profiles for ease of

comparison with the broad-band photometry of the galaxies.

The filter set adopted must be included when performing SED fitting and this

is done by inputing files containing the filter transmission curves. Then, the

SED fitting algorithms convert the galaxy observed magnitudes for each ith

photometric band into the apparent flux, Fobs,i. Then, for each object, the

sampled flux has to be compared with the reference spectral libraries of template

galaxies, Ftemp,i, computing the χ2 of the fitting residuals via :

χ2 = ΣN
i

[
Fobs,i − sFtemp,i

σi

]2

(2.2)

where N is the number of photometric bands, i indicates the number of band and

s, defined below, is the scale factor chosen in such a way as to minimise the χ2
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for each template.

s = Σj

[
Fobs,jFtemp,j

σ2
i

]
/Σj

[
F 2
temp,j

σ2
j

]
(2.3)

where j refers to the band used for scaling.

By varying the model redshift and minimising the χ2, a best-fitting photometric

redshift, zphot, is found. Fluxes can be specified either in magnitude format or

in flux density (erg/s/cm2/Hz) format for the majority of the template fitting

codes.

Examples of these techniques are BPZ (Benitez et al. 2000), EAZY (Brammer

et al. 2008), Hyperz (Bolzonella et al. 2000), LRT (Assef et al. 2008), ZEBRA

(Feldmann et al. 2006) and Le-Phare (Ilbert & Arnouts 2006). Le-Phare was the

code utilised in this thesis.

These codes output not only the primary photometric redshift solution, but also

the competing solutions via a probability distribution or χ2 distribution. This

is crucial for considering the robustness of the photometric redshift solution and

allows one to evaluate alternative solutions. Fig. 2.3 shows an example of SED

fitting, showing the primary solution, with the χ2 distribution showing the next

potential low-redshift secondary solution (in this case formally excluded).

Le-Phare The public code Le Phare1, PHotometric Analysis for Redshift

Estimate (Ilbert & Arnouts 2006) is primarily dedicated to estimate photometric

redshifts, but it can also be used to determine other physical parameters such

as stellar masses and luminosities. A standard template fitting procedure is

performed by this technique; the templates are redshifted and integrated through

the instrumental transmission curves. The opacity of the intergalactic medium

(IGM) is taken into account and internal extinction can be added as a free

parameter to each galaxy. The best estimated photometric redshifts are obtained

by comparing the modelled fluxes and the observed fluxes based on a χ2 function.

Various prior knowledge such as luminosity or mass can be applied in photometric

redshift estimation. However, this mainly influences the results for low signal-

to-noise data. Good agreement between the resultant photometric redshifts,

1http://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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Figure 2.3 The best-fitting SED for a z ' 4.4 galaxy. The photometric data
points are plotted for the HST , Hawk − I Ks and Spitzer IRAC
imaging. A potential low-redshift galaxy solution corresponding to
z ' 1.7 can be seen from the χ2 distribution.

determined without any priors, and the available spectroscopic redshift for the

three data sets used in this work assures me that I have access to sufficient data

and a prior is not necessary for the purpose of this work.

To apply Le-Phare to a catalogue, a redshift range for the fit and ∆z steps

for the code to run through must be provided. Le-Phare generally returns a

primary solution, and (for comparison) a lower resolution secondary solution

spectrum corresponding to the next lowest χ2 minimum. To account for dust

obscuration/reddening, a range of possible colour excess, E(B − V ), values can

also be included along with a designated dust attenuation law to redden the

model SED. It is important to include a sufficient range of reddening values

to enhance the robustness of the estimated redshifts. We assumed the dust-

attenuation law of Calzetti et al. (2000), allowing reddening to vary over the

range 0.0 < E(B − V ) < 0.5 in steps of ∆E(B − V ) = 0.1 and we ran the code

over a redshift range z = 0.1− 10 in steps of ∆z = 0.035. We also included IGM

absorption of Lyman continuum photons assuming the models of Madau (1995)

and allowed the option of including strong emission lines, such as Lyα or Hα, in

the fitting.
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2.4.3 Results

Accuracy and Outliers We provide some additional details on the reliability

and accuracy of our photometric redshifts in the three survey fields utilised in

this study, and assess how our results compare with other recently published

photometric redshift catalogues.

To estimate the accuracy of the photometric redshifts, we compare our pho-

tometric redshifts with their spectroscopic counterparts, for the subsamples of

galaxies for which the highest quality spectroscopic redshifts are known. The

spectroscopic redshifts are mainly available for the bright galaxies in my sample

and consequently the derived photometric redshift at very high redshifts are

the ‘best-case scenario’. However, for the redshifts considered in this thesis,

z = 2, 4, there are sufficient spectroscopic redshifts, shown in Fig. 2.2, to confirm

the reliability of the results.

Following standard practice, we use the following statistics to quantify the

accuracy and reliability of the redshifts:

i) The basic scatter, σ, around the zphot : zspec line is defined as:

σ = rms[∆z/(1 + zspec)] (2.4)

where ∆z = zphot − zspec.

ii) ‘catastrophic outliers’ are defined as galaxies for which:

|∆z|/(1 + zspec) > 0.15. (2.5)

iii) The scatter can be recalculated after exclusion of the catastrophic outliers

(in order to estimate the tightness of the core zphot : zspec relation); this measure

of scatter is usually denoted as σS.

iv) An alternative measure of scatter, that minimizes the impact of (but does not

require the removal of) catastrophic outliers, is the normalised median absolute
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deviation of ∆z defined as:

σNMAD = 1.48×median(
|∆z|

1 + zspec
). (2.6)

Corrections and Adjustments In order to find the best strategy determining

the most reliable photometric redshifts for this thesis, various SED templates and

error limits were tested to find the best method returning the best match between

the photometric redshifts and their available spectroscopic counterparts.

For each field we proceeded in four stages. Firstly, to avoid too much weight being

placed on individual photometric detections, and to allow for remaining low-level

systematic errors, we assigned a minimum of error of 3% on all optical and near-

infrared photometry, and a minimum error of 10% on all IRAC photometry. Next,

we utilized the galaxy SED templates provided by the evolutionary synthesis

models of Bruzual & Charlot (2003) (BC03), without emission lines, and adjusted

the photometric zero-points until the accuracy of the photometric redshifts was

maximised (as judged by comparison with the high-quality spectroscopic redshifts

discussed above). After this, we explored the use of a range of different galaxy

templates, before determining that the PEGASEv2.0 models (Fioc et al. 1999),

with emission lines switched on, produced the most accurate final photometric

redshifts. Finally, we determined the photometric redshift for each galaxy by

searching the redshift range z = 0 − 10, and distinguished between acceptable

and unacceptable photometric redshifts based on an analysis of the distribution

of minimum χ2 (resulting in the acceptance of final SED fits with minimum

χ2 < 50 in the fields with HST photometry, and minimum χ2 < 20 in the

UltraVISTA/COSMOS field). This level of quality control led to the exclusion of

< 5% of galaxies in the photometric samples from the final sample with trusted

photometric redshifts.

The full explanation of these corrections is as follows :

The best way to start assessing the accuracy of our results is based on a study by

Dahlen et al. (2013). In their investigation, 11 different participants were asked

to determine photometric redshifts of a sample of galaxies within the GOODS-

S region created by Guo et al. (2013). Each of these teams used different

combinations of photometric redshift code, template SEDs and priors. The main

conclusion shown by Dahlen et al. (2013) indicates that the most important
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Table 2.2 zPhot accuracy comparisons with the available spectroscopic redshift
catalogue for the 3% and 10% error limits and adopting the BC03
and PEGASEv2.0 models, with the emission lines switched on. σs
and foutlier indicate the scatter after excluding the outlier galaxies
and the fraction of outliers respectively.

Template Error-Limit σs fout

BC03 3% 0.058 1.1%
BC03 10% 0.058 1.2%
PEGASEv2.0 3% 0.051 0.8%
PEGASEv2.0 10% 0.053 0.8%

parameters influencing the accuracy of the photometric redshifts are mainly the

addition of zero-point offsets, inclusion of emission lines and smoothing the errors

to a minimum limit. To assess the accuracy of the results, they considered

a sample of spectroscopically observed galaxies, including the objects with the

highest possible data quality and the AGN sources were excluded from the sample

as their main focus was only on a population of normal galaxies. This so called

‘control’ sample includes 589 objects. In overall performance, there are only five

codes that have a combination of both low scatter and outlier fraction and we

aim to compare our calculated photometric redshifts with these final five teams.

Their study has also created a median photometric redshift sample based on the

results from the participants.

The first correction we applied on the photometric catalogue is the error

adjustment. Due to the possible uncertainties in the measured errors, we tried

to set a minimum limit for the flux error to investigate its effect on the accuracy

of the redshifts. 3% and 10 % of the band flux were chosen as initial options

for the minimum error limit, and the bands having negative fluxes were ignored

during the fit and, as a further check, two different types of template models

(PEGASEV2.0 and BC03) were considered. Considering the statistics (explained

in the previous section) measured based on the available spectroscopic redshifts

(Dahlen et al. 2013), a minimum limit of 3% for UV to mid-IR bands and a

minimum error of 10% of the measured flux for the IRAC bands were chosen;

furthermore, PEGASEV2.0 models (Fioc et al. 1999) result in smaller outlier

fraction and smaller scatter. These results are summarized in table 2.2.

Secondly, using the photometric catalogue created by Guo et al. (2013)(the

catalogue used by these 11 teams), the zero point shifts of each applied

band was measured to further assess the photometry and its influence on
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deriving properties of galaxies. This was approached by comparing the SEDs

of spectroscopically observed galaxies to the synthetic population models; this

indicates the dependency of the shifts on the type of the considered template

and applying different models results in non-identical shift. In this work, we

considered only BC03 (Bruzual & Charlot 2003) and PEGASEV2.0 (Fioc et al.

1999) models for our investigations. After fixing the redshift of each galaxy to its

spectroscopic redshift, and based on these two template models, the zero-point

offsets, defined as the difference between the observed and model magnitude, were

measured with exclusion of the emission lines and the code was run again on the

shifted photometry values. Based on the accuracy statistics, shown in Table 2.3,

the resultant redshifts from the offsets measured via the BC03 models better

match of their spectroscopic counterparts. The calculated offsets are quite small

for most of the bands; however, they are significant for the Ks and IRAC bands.

Consequently, to optimise the photometric redshifts, these flux corrections were

applied to the original Guo et al. (2013) catalogue and the median shifts were

recalculated to check the remaining shifts were negligible.

Table 2.3 Zeropoint offsets calculated using BC03 template models without
emission lines for the CANDELS ‘Control’ catalogue. These offsets
are defined as observed magnitude minus model magnitude. A positive
shift indicates that the observed photometry is fainter than models.
This magnitude offset could be an indication of an error in the
zeropoint of the data, or an offset/error in the templates at this
wavelength.

Filter FluxCorrectionFactor Offset (mag)

VIMOS-U 1.005 −0.005

F435W 0.975 0.025

F606W 0.990 0.010

F775W 0.994 0.026

F850LP 0.980 0.020

F098W 1 0.000

F105W 0.995 0.005

F125W 1.005 −0.005

F160W 1.006 −0.006

HAWK-I Ks 0.976 0.024

IRAC 3.6µ m 0.930 0.070

IRAC 4.5µ m 0.983 0.017
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Table 2.4 The scatter measurements, calculated using our high-quality spec-
troscopic sample of 2383 galaxies, for the best previously published
GOODS-S photometric redshifts as well as the results of this work.
σ, σNMAD, σs and noutlier indicate the full scatter, the normalised
median absolute deviation, the scatter after excluding the outlier
galaxies and the number of outliers respectively. The results derived
in this work are highly comparable to the best previously published
values based on these measurements. This indicates that the applied
zero-point corrections and the technique used in this work are the right
approaches to estimate reliable photometric redshifts.

Team σ σNMAD σs noutlier

Median 0.132 0.029 0.033 115
GOODS-S 0.148 0.027 0.030 111
Dahlen 0.145 0.041 0.042 109
Fontana 0.155 0.035 0.042 137
This-Work 0.147 0.028 0.037 105

The final adjustment indicates the importance of the emission lines on the

accuracy of the photometric redshifts. After adjusting the errors and applying

the zero-point shifts, we ran Le-Phare adopting PEGASEV2.0 (Fioc et al. 1999)

and BC03 (Bruzual & Charlot 2003) models with and without emission lines. The

scatter between the photometric redshifts and their spectroscopic counterparts of

these four runs are shown in Fig. 2.4. This figure implies that our very best results

are based on the PEGASEV2.0 (Fioc et al. 1999) models with the emission lines

switched on over the redshift range.

Our results compare well with the very best results obtained by other groups,

as shown in Dahlen et al (2013), in terms of both outlier fraction and scatter

statistics. This comparison, listed in Table 2.4, confirms that the applied

corrections and adjustments have improved the accuracy of the resultant

photometric redshifts and therefore this final recipe can be applied to the

CANDLES/GOODS-S photometric catalogue, generated by Guo. et al. (2013),

as well as the HUDF and the UltraVista catalogues, to determine robust redshifts

for the purposes of this thesis.

2.5 Final Photometric Redshift Results

Overall, based on the comparison with our assembled spectroscopic redshift

catalogue covering z ' 0 to at least z ' 5 for the GOODS-S, HUDF12
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Figure 2.4 Scatter of photometric redshifts versus their spectroscopic coun-
terparts for Dahlen et al. (2013) ‘Control’ sample based on
PEGASEV2.0 and BC03 template sets with and without emission
lines. The summary statistics of each run are written in each panel.
σo, σs and foutlier indicate the full scatter, the scatter after excluding
the outlier galaxies and the fraction of outliers respectively.
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and the UVISTA/COSMOS fields, and the outlier/scatter statistics, our results

are consistent and competitive with the accuracy of the very best photometric

redshifts as reported elsewhere in the recent literature; outlier fraction is always

significantly lower than 5% in all three fields.

Below is the summary of the results obtained in each field :

HUDF photometric redshifts As outlined in the previous section, we refined

the HUDF photometric zero-points by fitting the photometry with the BC03

models; the derived zero-point offsets were all smaller than 0.1 mag. After

application of Le-Phare with emission lines, we derived acceptable (χ2 < 50)

photometric redshifts for 2730 galaxies with H < 29.5 in the HUDF. As described

in Section 2.4.1, we have assembled sub-samples of galaxies with high-quality

spectroscopic redshifts within each of the three fields. In the HUDF field there are

218 spectroscopically observed galaxies, and we obtained acceptable photometric

redshifts (i.e. χ2 < 50) for 210 of these. The zphot : zspec plot for this sub-sample of

210 galaxies is shown in the upper panel of Fig. 2.5, with the normalized redshift

error, ∆z/(1 + zspec), plotted against zspec shown in the lower panel. The values

of the four aforementioned statistics are given in the upper panel. The outlier

fraction is 4.2%, and σNMAD = 0.026.

In order to present our reliable photometric redshifts within the UDF field,

we have created a map of this field based on the HST/WFC3 H160 image

and used the GRB technique to create the final coloured clickable UDF map.

ACS/i775, WFC3/Y105 and WFC3/H160 bands were used as the green, red

and blue colours respectively to make this coloured map. By clicking on each

galaxy, its coordinates as well as the photometric redshift and its available

spectroscopic counterpart, is shown in a pop up window. If the information

for the clicked galaxy is not available, the cursor jumps to the nearest galaxy

and shows the information of the second galaxy. This map can be accessed at

http://www.roe.ac.uk/~shp/Research.html.

CANDELS/GOODS-S photometric redshifts To maximise the reliability of

the photometric redshifts for this sample, we confined our attention to sources

with H160 < 26 in the CANDELS Wide region, and to sources with H160 < 27 in

the CANDELS Deep region (which covers the central ' 55 arcmin2 of GOODS-

S), and then again refined the photometric zero-points by fitting the photometry
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Figure 2.5 zphot versus zspec for the 210 galaxies in the HUDF field with high-
quality spectroscopic redshifts and acceptable photometric redshifts
(χ2 < 50). The outlier/scatter measurements are given in the upper
panel, while the lower panel gives redshift error as a function of zspec,
with the dashed blue lines indicating the 0.15 boundary used to define
the catastrophic outliers.
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with the BC03 models; the derived zero-point offsets were again all smaller than

0.1 mag.

After application of Le-Phare with emission lines, we derived acceptable (χ2 <

50) photometric redshifts for 10987 galaxies with H < 27 in the GOODS-S Deep

field, and for 27460 galaxies with H < 26 in the GOODS-S Wide field.

The accuracy of the derived photometric redshifts in CANDELS/GOODS-S is

illustrated in the upper panel of Fig. 2.6, which shows zphot v zspec for the

2677 sources in the field with secure spectroscopic redshifts, and acceptable

photometric redshifts. The outlier fraction is 3%, and σNMAD = 0.027.

Within the CANDELS/GOODS-S field, an alternative set of photometric

redshifts has recently been released by the 3D-HST team (Skelton et al. (2014)).

In Fig. 2.7 we plot our own zphot : zspec results for this field (for the same

2677 galaxies shown in Fig. 2.6) along with the corresponding results as derived

from the 3D-HST photometric redshift catalogue, and in Table 2.5 we compare

the resulting outlier/scatter statistics. Clearly these two photometric redshift

catalogues are of comparably high quality, although we note that the outlier

fraction achieved here is significantly lower, possibly because the 3D-HST

photometric catalogue does not contain the HST Y -band imaging. The slightly

smaller σNMAD achieved by the 3D-HST team appears to result from improved

accuracy at low redshifts, possibly driven by their inclusion of medium-band

ground-based Subaru imaging. However, at the redshifts of interest in the present

study (z > 1.5), our own measurements yield a slightly smaller scatter than is

achieved by using the 3D-HST catalogue.

UltraVISTA/COSMOS photometric redshifts As with the HST -based cata-

logues, initially the photometric redshifts were computed by fitting the ground-

based and Spitzer photometry to the BC03 models, in order to adjust the

photometric zero-points until maximum redshift accuracy was achieved; all the

derived zero-point offsets were again all smaller than 0.1 mag.

For consistency with the HST HUDF+GOODS-S data analysis, the photometric

redshifts and rest-frame absolute UV magnitudes were then again recomputed

using Le-Phare with emission lines, yielding acceptable (χ2 < 20) photometric

redshifts for 88789 galaxies with i′ < 26 in the UltraVISTA/COSMOS field.
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Figure 2.6 zphot versus zspec for the 2677 galaxies in the CANDELS/GOODS-
S field with high-quality spectroscopic redshifts and acceptable
photometric redshifts (χ2 < 50). The outlier/scatter measurements
are given in the upper panel, while the lower panel gives redshift
error as a function of zspec, with the dashed blue lines indicating the
0.15 boundary used to define the catastrophic outliers.
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Table 2.5 The reliability and accuracy of the photometric redshifts for galaxies
in the CANDELS/GOODS-S field and alternatively by utilising the
the public 3D-HST photometric redshift catalogue (Skelton et al.
2014). σ, σNMAD and fout have been calculated for the high-quality
spectroscopic sub-sample of 2677 galaxies. Our own results yield
a lower outlier fraction, possibly because the 3D-HST photometric
catalogue does not contain the HST Y -band imaging. The slightly
smaller σNMAD achieved by the 3D-HST team appears to result
from improved accuracy at low redshifts, possibly driven by their
inclusion of medium-band ground-based Subaru imaging. However,
at the redshifts of interest in the present study (z > 1.5), our own
measurements yield a slightly smaller scatter than is achieved by using
the 3D-HST catalogue.

Group σ σS σNMAD fout

This Work 0.120 0.036 0.027 3.0%
3D-HST 0.135 0.027 0.013 4.3%
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Figure 2.7 A comparison of the reliability/accuracy of our photometric redshifts
in the CANDELS/GOODS-S field with that achieved by the 3D-HST
team (Skelton et al. 2014). Our results (red points) are overlaid on
the results derived from the public catalogue released by the 3D-HST
team (green points) for the same spectroscopic sub-sample of 2677
galaxies as previously discussed and presented in Section 2.4 and
Fig. 2.6. Outlier fractions and scatter statistics are summarized in
Table 2.5, and discussed in the text.
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The accuracy of the derived photometric redshifts in UltraVISTA/COSMOS

is illustrated in the upper panel of Fig. 2.8, which shows zphot v zspec for the

1671 galaxies in the field with secure spectroscopic redshifts, and acceptable

photometric redshifts. The outlier fraction is only 2.1%, and σNMAD = 0.026.

2.6 Conclusion

We have exploited the UltraVISTA imaging of the COSMOS field and the

CANDELS imaging of the GOODS-S region including the HUDF, to construct

accurate photometric redshift catalogues for each of these surveys. Various

corrections and adjustments have been applied to the original photometric

catalogues in order to enhance the accuracy of the final redshifts. For all of

these surveys, the outlier fraction, measured based on the available high quality

spectroscopic redshifts, is less than 5% indicating the robustness of the estimated

redshifts in our work.

Consequently, these final photometric redshift catalogues are used in the rest of

this thesis.
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Figure 2.8 zphot versus zspec for the 1671 galaxies in the UltraVISTA/COSMOS
field with high-quality spectroscopic redshifts and acceptable photo-
metric redshifts (χ2 < 20). The outlier/scatter measurements are
given in the upper panel, while the lower panel gives redshift error
as a function of zspec, with the dashed blue lines indicating the 0.15
boundary used to define the catastrophic outliers.
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Chapter 3

The cosmological evolution of the

UV Luminosity Function and

Luminosity Density

In this chapter we utilise the HUDF + GOODS-S + UltraVISTA survey ‘wedding

cake’ described in Chapter 2 to undertake a new investigation of the rest-frame

UV galaxy luminosity function (LF) over the redshift range z ' 1.5 − 4.5.

Exploiting in particular the HUDF data, we are able to explore carefully the

faint-end slope of the LF, and its evolution with redshift. This has important

implications for the inferred UV luminosity density, and ultimately the potential

ability of galaxies to reionize the Universe.

This chapter is structured as follows. Section 3.1 explains the main motivation

of this work. In Section 3.2, we present the technique used to compute the

galaxy luminosity function followed by the sample selection method described

in Section 3.3. In Section 3.4, we derive the evolving galaxy UV luminosity

function at redshifts z ' 2 − 4 and compare our results with previous studies

in the literature. Our calculation of the luminosity density and its evolution

is presented in section 3.5, where we also show our comparisons with previous

results in the literature. We conclude with a summary of our main results in

Section 3.6, where we also discuss the implication of the evolving UV galaxy LF

for cosmic reionization. Throughout this chapter, all magnitudes are quoted in

the AB system (Oke 1974; Oke & Gunn 1983), and all cosmological calculations

assume a flat cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1Mpc−1.
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3.1 Introduction

Ultraviolet (UV) continuum emission provides the most direct tracer of star-

formation activity in a galaxy (e.g. Kennicutt & Evans 2012), albeit it must be

corrected for the impact of dust obscuration to derive complete star-formation

rates. This, coupled with the easy access to the rest-frame ultraviolet regime

(λ = 1500 − 1700 Å) provided by optical observations of galaxies at redshift

z ≥ 1.5, has meant that the determination of the evolving UV galaxy luminosity

function (LF) has become a key probe of galaxy evolution and overall cosmic

star-formation history ( Bouwens et al. 2007, Reddy & Steidel 2009, Robertson

et al. 2010, McLure et al. 2013, Madau & Dickinson 2014).

All evidence to date, as provided by a wide range of studies discussed later in

this thesis, indicates that, at redshifts z ' 2 − 6, the UV LF is well described

by a Schechter function (Schechter 1976). However, as with all LF studies, the

challenge is to assemble galaxy samples of adequate size, spanning a large enough

dynamic range, and with sufficiently accurate/complete redshift information to

robustly determine both the bright and faint-end of the LF. Thus, ideally, large-

area surveys are required to adequately sample the bright-end of the LF (and

mitigate the impact of cosmic variance) while very deep, small-area surveys are

necessary to yield the data required to properly constrain the faint-end slope,

α. This latter quantity is of particular importance if it is hoped to perform a

reliable luminosity-weighted integral of the LF down to faint magnitude limits to

determine UV luminosity density (ρUV ). In practice, galaxy selection is also a

key issue, and it is particularly important to understand sample completeness as

a function of magnitude and redshift, especially if simple colour-colour selection

techniques are utilised to select samples of UV luminous star-forming galaxies.

After the early pioneering studies of UV luminosity density indicated it was rising

with lookback time out to at least z ' 1.5 (Lilly et al. 1996; Madau 1996;

Arnouts 2005), the first detailed study of the galaxy UV LF at z ' 2 − 3 was

attempted by Reddy & Steidel (2009). This work was based on colour-selection

of galaxies from ground-based data, and as such was best suited to determining

the bright-end of the LF at MUV < −18 (AB mag). Nonetheless, a key result

of this paper was the derivation of an extremely steep-faint slope for the UV

LF at these intermediate redshifts, with α = −1.73 ± 0.07. This result appears

to have been confirmed by subsequent, deeper, Hubble Space Telescope (HST)

studies following the installation of WFC3 in 2009; first Oesch et al. (2010)
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reported α = −1.60±0.21 at z ' 1.7, and then, very recently, Alavi et al. (2014)

used WFC3/UVIS combined with the gravitational lensing boost provided by

the cluster A1689 to probe the UV LF at z ' 2 down to (lensing corrected)

magnitudes M1500 ' −13, yielding α = −1.74± 0.08.

However, there has not been universal agreement; for example, Hathi et al. (2010)

reported α = −1.17±0.40 at z ' 2.1, and Sawicki (2012) found α = −1.47±0.24

at z ' 2. In addition, Weisz et al. (2014) have recently used galactic archaeology

techniques to ‘reverse engineer’ the stellar populations found in the present-day

Local Group galaxy population, and conclude in favour of α = −1.35 ± 0.12 at

z = 2− 3.

Such results are interesting, but this controversy simply reinforces the importance

of undertaking a new, direct investigation of the UV LF at this key epoch in

cosmic history. Moreover, a new measurement of the UV LF at z = 2−4 is timely,

given the huge recent improvement in the necessary multi-frequency imaging (and

supporting spectroscopy) in key deep HST and ground-based survey fields.

In this study we have exploited the combined power of the latest optical-

infrared data in the Hubble Ultra Deep Field (HUDF) (reaching ' 29.5 mag

over 4.5 arcmin2), the CANDELS/GOODS-S field (reaching ' 27.5 mag over

170 arcmin2), and the UltraVISTA/COSMOS field (reaching ' 26 mag over

' 0.5 deg2). In recent years, driven by the rapid improvements in the near-

infrared depth arising from the advent of WFC3/IR and VISTA imaging ( Grogin

et al. 2011; McCracken et al. 2012; Koekemoer et al. 2013) the unparalleled data

in these key fields have been very actively exploited in the study of the UV LF

at higher redshifts, z = 5 − 8 ( McLure et al. 2011; McLure et al. 2013; Oesch

et al. 2010; Oesch et al. 2013; Bouwens et al. 2011; Bouwens et al. 2015;

Finkelstein et al. 2010; Finkelstein et al. 2015; Dunlop et al. 2013; Bowler et al.

2014, 2015). However, the full multi-frequency data-sets have not recently been

properly applied to revisit the measurement of the UV LF in the redshift range

z = 2 − 4. Our new study thus aims to rectify this situation, and to also take

advantage of new optical and near-infrared spectroscopy (including WFC3/IR

grism spectroscopy; Skelton et al 2014; Morris et al. 2015) to produce the most

reliable photometric redshifts, crucial both for robust galaxy sample selection,

and for the accurate determination of M1500 or M1700 for each source.
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3.2 Sample Selection Method

In this analysis, we have directly selected galaxies based on the derived

photometric redshifts, explained in Chapter 2. This required having robust and

accurate photometric redshifts. As explained in previous chapter, the applied

photometric redshifts of this project are based on SED fitting via Le-Phare

and various adjustments have been used to improve their accuracy. Therefore,

due to the robustness of the resultant redshifts within the three main fields

of the CANDELS/GOODS-S, HUDF and Ultra-VISTA/COSMOS, the final

galaxy sample within our desired redshift interval is solely selected based on

the photometric redshift catalogues created in this research for each region.

In order to distinguish between the primary and secondary solutions derived by

LePhare, the χ2 and probability distribution as a function of redshift can be

taken into account. However, the first test is mainly used in the literature as

the latter method has some biases. The probability distribution as a function of

redshift tends to often make the secondary solution appear less prominent as the

shape of the function needs to normalised to have an overall probability of one.

Furthermore, a probability distribution depends on the reference frame within

which the results are being checked. Therefore, although this method has been

used in the literature, it doesn’t distinguish between the primary and secondary

solutions as efficiently as the χ2 plot, which has been considered in this analysis.

3.2.1 Completeness Correction

A key component of the number density calculation is to account for the mainly

high redshift candidates that have been missed in the search. The completeness

is defined as the fraction of the true number of a galaxy population that one

would find under ideal detection conditions for a given cosmic volume and a so

called completeness factor corrects for this incompleteness. Sources are missed

mainly due to two reasons; if they are in the crowded regions of the imaging ( i.e.

photometric scatter, which impacts most seriously on the faintest magnitude bins)

or when sources are in close proximity to bright foreground objects. Simulations

are required to apply this correction as a function of magnitude and redshift.

Artificial point-source objects are added to the image with variety of magnitudes

and then sources are recovered following the same source extraction set-up as
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that used in forming the photometric catalogues (i.e. recovering the sources from

the HST/WFC3 H160 image using the SEXTRACTOR 2.8.6 (Bertin & Arnouts

1996)).

This injection and reclaiming of objects is performed in discrete steps of

magnitude to get the completeness at each magnitude step.

In this work, the UVISTA and GOODS-S catalogues are 100% complete as the

faintest bin of UVISTA and GOODS-S are covered by GOODS-S and HUDF

surveys respectively. For example, at z = 3, the UVISTA data is cut at MUV ∼
−21, equivalent to cutting the data at an apparent magnitude of V ∼ 24.5. This

means that cutting at MUV = −21 is equivalent to cutting the UVISTA i-band

catalogue at i ∼ 24.35. Therefore, I have effectively cut the UVISTA catalogue

∼ 2 magnitudes brighter than the 5σ limit ( i = 26.3; Mortlock et al. 2016) and

can be sure that the catalogue is very close to 100% complete at this level.

The GOODS-S data is cut at MUV = −19, equivalent to V = 26.5 and H = 25.8.

The 5σ limit for the GOODS-S deep data is H = 27.3 , and for the GOODS-S

wide data is H = 26.6 (McLure et al. 2013). Therefore, I have basically cut the

GOODS-S data at the 10-sigma and 20-sigma limits respectively and can be very

confident that the catalogues are close to 100% completeness at these limits.

For the HUDF data, the MUV = −15.5 cut at z = 3 is equivalent to a V = 30 mag

cut or a H = 29.3. It can be seen from McLure et al. (2013) that this is basically

the 5-sigma limit for the HUDF dataset. The simulations in McLure et al. (2013)

would suggest that the catalogue is only ∼ 70% complete for point-source objects

of this brightness.

3.3 UV Luminosity Function

3.3.1 Preferred LF

As mentioned previously, various techniques can be utilised to derive the LF, but

here we have sufficiently extensive and dense coverage of the luminosity-redshift

plane to obtain a non-parametric estimate by applying the straightforward Vmax

estimator (Schmidt 1968). Vmax for each galaxy is set by the upper redshift

limit of the bin unless the source drops out of the sample before that redshift
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is achieved, and the absolute magnitude bin is chosen here to have a width of

∆M = 0.5 mag. The errors on the derived number density in each bin are here

assumed to be Poissonian.

Obviously, within each of the three survey fields utilised here, incompleteness

becomes more serious as the detection limit is approached, and the impact of pho-

tometric scatter becomes significant. However, in the present study the impact of

this is minimal, as there is sufficient overlap between the regions of the luminosity-

redshift plane covered by the different surveys that we can, for example, discard all

seriously incomplete faint bins from the UltraVISTA/COSMOS survey in favour

of the first well-sampled brighter bins from the CANDELS/GOODS-S survey

(and similarly ensuring the LF determination is dictated by the HUDF before

CANDELS/GOODS-S becomes seriously incomplete). At the very faint end we

neglect all bins delivered by the HUDF in which photometric scatter results in a

completeness < 90%.

Finally, having derived the non-parametric LF from the combination of our three

surveys, we fit the binned values with a Schechter function (Schechter 1976):

φ(M) = 0.4 ln 10φ∗(10−0.4(M−M∗))α+1e−10−0.4(M−M∗)
(3.1)

where φ∗, M∗ and α indicate respectively the normalisation coefficient, the

characteristic magnitude and the faint end slope of the LF, and derive confidence

intervals on the parameters.

Based on our well-defined photometric redshifts catalogues, we select galaxies

within redshift range 1.5 < z < 4.5 to determine and study the UV luminosity

function of galaxies over redshifts 2, 3 and 4. The final galaxy sample consists of

36051 galaxies selected to lie in the redshift range 1.5 < z < 4.5, and consists of:

i) 1549 galaxies from the HUDF with H160 < 29.5

ii) 11412 galaxies from GOODS-S (comprising 4465 from CANDELS/GOODS-S

Deep with H160 < 27 and 6947 from CANDELS/GOODS-S Wide with H160 < 26)

iii) 23090 galaxies from the UltraVISTA/COSMOS field with i′ < 26.0

The redshift distributions of these final HUDF, CANDELS/GOODS-S and

UltraVISTA/COSMOS samples are shown in Fig. 3.1.
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Figure 3.1 The distribution of photometric redshifts for our final galaxy sample
comprising a total of 36051 galaxies in the redshift range 1.5 <
zphot < 4.5. The different coloured histograms show the redshift
distribution subdivided by survey-field/depth, with 1549 galaxies
from the HUDF with H160 < 29.5 (red), 4465 galaxies from
CANDELS/GOODS-S Deep with H160 < 27 (cyan), 6947 galaxies
from CANDELS/GOODS-S Wide with H160 < 26 (blue), and
23090 galaxies from the UltraVISTA/COSMOS field with i′ < 26.0
(yellow).

Absolute magnitudes at UV rest-frame wavelengths λrest = 1500 Å and λrest =

1700 Å for use in the subsequent LF analyses were computed from the Le-Phare

SED fits using a 100 Å top-hat synthetic filter centred at the appropriate rest

wavelength.

3.3.2 Results and Discussion

Armed with redshifts and absolute UV magnitudes for over 35,000 galaxies in

the redshift range 1.5 < z < 4.5, we can now derive the rest-frame UV galaxy

LF, exploring its form and evolution from z = 2 to z = 4. To aid comparison

with previous results in the literature, we derive LFs at both λrest = 1500 Å and

λrest = 1700 Å as required, but for our final calculations of the evolution of LF
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parameters, and the evolution of luminosity density (and hence star-formation

rate density), we focus on 1500 Å at all redshifts.

In the first subsection below we outline the (straightforward) method we have

adopted to determine the non-parametric binned form of the LF, and then the

parametric form (in this case the Schechter function). We then present and

discuss our results at various redshifts, in part to facilitate comparison with the

literature. Specifically, we consider first the UV LF at 1500 Å in the redshift

range 1.5 < z < 2.5 (z ' 2) (in particular focusing on the faint-end slope, α),

before considering separately the 1500 Å LF at 1.5 < z < 2 (z ' 1.7) and the

1700 Å LF at 2 < z < 2.5 (z ' 2.2). We then move on to determine the evolution

of the 1500 Å galaxy LF over the redshift range z ' 1.5 − 4.5, in three redshift

bins of width ∆z = 1 (i.e. corresponding to z ' 2, z ' 3 and z ' 4).

Faint End Slope at z ∼ 2

1.5 < z < 2.5 We first derive a new measurement of the galaxy rest-frame UV

LF at z ' 2, based on all galaxies in our combined sample with photometric

redshifts in the range 1.5 < z < 2.5. Fig. 3.2 shows the resulting LF at λrest =

1500 Å, including our best-fitting Schechter function. Here, bins brighter than

M1500 = −20 are dominated by the UltraVISTA/COSMOS sample, while at the

faintest magnitudes the HUDF sample allows us to extend the UV LF down to

M1500 ' −14.5, which is ' 5 mag fainter than achieved by Oesch et al. (2010).

The extension of the z ' 2 LF to comparably faint magnitudes has only previously

been reported by Alavi et al. (2014). However, this was only achieved with the aid

of the gravitational lensing provided by the cluster Abell 1689, resulting in very

small effective survey volumes and consequently much poorer S/N than achieved

here. The most striking result of our new z ' 2 LF determination, as shown

in the upper panel of Fig. 3.2, is that we find a much shallower faint-end slope

(α = −1.32 ± 0.03) than reported by either Oesch et al. (2010) or Alavi et al.

(2014) who found α = −1.60 ± 0.51 and α = −1.74 ± 0.08 respectively. The

lower panel in Fig. 3.2 shows that an accurate measurement of α requires good

sampling of the LF at magnitudes fainter than M1500 ' −17, after which the

fitted value of α stabilises and yields a robust measurement. It is therefore not

surprising that Oesch et al. (2010) deduced an erroneously steep faint-end slope

given the limited depth of the data utilised in that study.

Our best-fitting values of the other Schechter parameters at z ' 2 are M∗ =
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−19.68± 0.05 and φ∗ = 7.02± 0.66 (×10−3Mpc−3mag−1). Also shown in Fig. 3.2

is the z ' 2 UV LF inferred by Weisz et al. (2014) from local-group galactic

archaeology. Interestingly it is this reverse engineered LF which agrees best with

our new direct determination, as Weisz et al. (2014) also infer a very similar,

shallow faint-end slope of α = −1.36± 0.11.

1.5 < z < 2 and 2 < z < 2.5 To further facilitate comparison with previous

studies, we next compute the UV LF within finer redshift bins, 1.5 < z < 2 and

2 < z < 2.5. We calculate the LF in the latter redshift bin at λrest = 1700 Å to

simplify direct comparison with the results of Reddy & Steidel (2009) and Sawicki

(2010), both of whom calculated the LF at 1700 Å based on colour selection

sampling an effective redshift window 1.9 < z < 2.7. Our results at z ' 1.7

and z ' 2.2 are shown in Fig. 3.3. Similar to Fig. 3.2 the upper panels show

the binned LF and best-fitting Schechter function, while the lower panels show

the derived value of faint-end slope, α, as a function of the absolute magnitude

limit down to which the fitting is performed. Again it can be seen that the

derived value of α only stabilises at MUV > −17, and that studies reaching only

MUV ' −19 are likely to yield an erroneously steep faint-end slope. Our derived

Schechter parameter values for the 1500 Å LF at z ' 1.7 are M∗ = −19.61±0.07,

φ∗ = 6.81 ± 0.81 (×10−3Mpc−3mag−1), and α = −1.33 ± 0.03. In the left-hand

panel of Fig. 3.3 we also show the Schechter function derived by Oesch et al.

(2010) in the same redshift interval; it can be seen that while the bright end

is comparable, Oesch et al. (2010) inferred a much steeper faint-end slope of

α = −1.6± 0.21.

For the 1700 Å LF at z ' 2.2 we find M∗ = −19.99 ± 0.08, φ∗ = 6.20 ±
0.77 (×10−3Mpc−3mag−1), and α = −1.31 ± 0.04. In the right-hand panel of

Fig. 3.3 we also show the Schechter functions derived by Reddy & Steidel (2009)

and Sawicki (2010) from very similar redshift ranges. While our LF matches that

derived by Reddy & Steidel (2009) around the break, the faint-end slope derived

by Reddy & Steidel (2009) was clearly much steeper, with α = −1.73 ± 0.07.

The faint-end slope derived by Sawicki (2010) was somewhat shallower (although

still steeper than our new derivation), but rather uncertain (α = −1.47 ± 0.24).

Moreover, it can also be seen that the bright-end of the LF as derived by Sawicki

(2010) also deviates significantly from our new results.
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Figure 3.2 The galaxy rest-frame UV LF at z ' 2. The upper panel shows the
new 1500 Å LF as derived from our combined galaxy sample in the
redshift range 1.5 < z < 2.5. The blue circles with errors indicate
the number densities from the Vmax estimator (see Table 3.1) and
the blue line is our best-fitting Schechter function. The red and pink
lines are the Schechter functions at z ' 2 reported by Oesch et al.
(2010) and Alavi et al. (2014) respectively, both of whom derived a
much steeper faint-end slope at z ' 2. The orange line shows the
z ' 2 LF as inferred by Weisz et al. (2014); this has a significantly
shallower faint-end slope, in excellent agreement with the value of α
deduced from our new determination. The lower panel shows how the
fitted value of α depends on the limiting absolute magnitude down
to which the fitting is performed. It can be seen that the derived
faint-end slope stabilises at M1500 > −17, settling to a secure and
robust value of α = −1.32± 0.03.
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Figure 3.3 Upper-Left: The 1500 Å LF as derived for galaxies in the redshift
bin 1.5 < z < 2. The blue data points show the number densities
measured using the Vmax method and the solid blue line is our best-
fitting Schechter function. The yellow solid line with the steeper
faint-end slope is the best-fitting Schechter LF measured by Oesch
et al. (2010) over the same photometric redshift range. Upper-
Right: The 1700 Å LF derived over the photometric redshift range
2 < z < 2.5. Again the blue data points show the binned number
densities as derived from the Vmax method, while the solid blue line
is our best-fitting Schechter function. The pink and yellow lines
indicate, respectively, the Schechter function LFs derived by Reddy
& Steidel (2009) and Sawicki (2012), based on colour-selection. The
lower panels again show how the fitted value of α depends on the
limiting absolute magnitude down to which the fitting is performed.
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Table 3.1 The rest-frame UV (1500 Å) galaxy luminosity functions at z ' 2, 3
and 4, as measured via the Vmax estimator; these values are plotted
in the three panels of Fig. 3.4

M1500 φ (z ' 2) φ (z ' 3) φ (z ' 4)
Mpc−3mag−1 Mpc−3mag−1 Mpc−3mag−1

−23 − − 0.000001± 0.000000
−22.5 − 0.000003± 0.000001 0.000010± 0.000002
−22 0.000012± 0.000027 0.000023± 0.000004 0.000043± 0.000005
−21.5 0.000034± 0.000045 0.000117± 0.000008 0.000154± 0.000010
−21 0.000152± 0.000094 0.000462± 0.000016 0.000475± 0.000017
−20.5 0.000555± 0.000181 0.001462± 0.000107 0.001087± 0.000096
−20 0.001654± 0.000124 0.002511± 0.000140 0.001709± 0.000120
−19.5 0.003467± 0.000165 0.003830± 0.000173 0.001916± 0.000127
−19 0.004961± 0.000197 0.004387± 0.000185 0.002110± 0.000467
−18.5 0.006454± 0.000225 0.007382± 0.000838 0.004008± 0.000644
−18 0.007849± 0.000869 0.008353± 0.000892 0.005485± 0.000753
−17.5 0.010007± 0.000981 0.012432± 0.001088 0.007384± 0.000874
−17 0.012560± 0.001099 0.012238± 0.001079 0.016030± 0.001095
−16.5 0.001432± 0.001173 0.012821± 0.001105 0.010337± 0.001034
−16 0.017660± 0.001303 0.015599± 0.001216 0.013510± 0.000850
−15.5 0.018052± 0.001317 0.014625± 0.000971 −
−15 0.030077± 0.001505 − −
−14.5 0.033572± 0.001251 − −
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Figure 3.4 Our new rest-frame UV (1500 Å) galaxy luminosity functions at
z ' 2, 3 and 4. The (blue, green, red) data points indicate
the values derived via the Vmax estimator, with the colour-matched
solid lines showing the best-fitting Schechter functions. The values
corresponding to the data points and their errors are tabulated in
Table 3.1, while the values of the best-fitting Schechter parameters
are given in Table 3.2, and plotted in Fig. 3.5. The vertical
dashed line in each panel at M1500 = −18 is shown simply to
indicate the typical absolute magnitude limit reached by previous
studies at these redshifts, while the background shading indicates
the absolute magnitude regimes in which the three different surveys
(UltraVISTA/COSMOS, CANDELS/GOODS-S, HUDF) make the
dominant contribution to our new measurement of the LF at each
redshift. For comparison purposes, at each redshift we also show
several luminosity functions from the literature as indicated in the
legend

The galaxy UV LF at z ' 3 and z ' 4

We now extend our study of the galaxy UV LF out to higher redshift, considering

also the redshift bins 2.5 < z < 3.5 and 3.5 < z < 4.5, in order to explore how

the LF evolves over the crucial redshift range z ' 2 − 4. We have focused on

1500 Å and our results are shown in Fig. 3.4, alongside the z ' 2 1500 Å LF

which was shown in Fig. 3.2. The binned number densities derived from the Vmax

method at z ' 2, 3 and 4, as shown in Fig. 3.4, are tabulated in Table 3.1, and

our derived best-fitting Schechter function parameter values at all three redshifts

are included in Table 3.2 (along with various values from the literature). Again,

for comparison, in Fig. 3.4 we also over plot other recent determinations of the

1500 Å LF at these redshifts.

Our derived LFs at z ' 3 and z ' 4 appear to agree reasonably well with previous

measurements around the break luminosity but, as at z ' 2, we find a shallower
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faint-end slope, α, than most previous studies; again, we agree best with the

results inferred from the local Universe by Weisz et al. (2014) (although we note

that, at z ' 3, Weisz et al. (2014) have adopted the bright end of the 1500 Å

LF given by Reddy & Steidel (2009). At z ' 4 we find a shallower faint-end

slope than most previous studies (i.e. α = −1.43 ± 0.04), but φ∗ and M∗ are in

excellent agreement with the results of Bouwens et al. (2014) (see Table 3.2).

In Fig. 3.5 we plot our derived Schechter parameter values, with 1σ and 2σ single-

parameter confidence intervals, for z ' 2, z ' 3 and z ' 4, while in Fig. 3.6

we over plot the 1500 Å LFs at these three redshifts. These plots highlight

evolutionary trends in the UV LF over this key redshift range, which we discuss

further below.

Evolution in LF z ∼ 2-4

As can be seen in Fig. 3.5 and Fig. 3.6, while the LF displays relatively little

evolution between z ' 2 and z ' 3, there is a clear drop in φ∗ (by a factor ' 2.5)

between z ' 3 and z ' 4. We also find, however, that M∗ brightens steadily over

this redshift range, by ' 1 mag. In terms of luminosity density, this brightening

more than offsets the decline in φ∗ up until z ' 3, but by z ' 4 the more dramatic

drop in φ∗ dominates the evolution, and luminosity density undoubtedly declines

significantly by z ' 4.

The modest evolution in φ∗ and the ' 0.5 mag brightening in M∗ seen between

z ' 2 and z ' 3 is very similar to the evolution reported by Reddy & Steidel

(2009), with the main difference being that our φ∗ values are systematically

higher, and our M∗ values systematically dimmer due (at least in part) to our

significantly shallower best-fitting faint-end slope α. This is made clear in Fig. 3.7,

where we place our results in the context of several other recent studies. Here

it can be seen that our inferred values of φ∗ at z ' 2 and z ' 3 are noticeably

higher than derived in nearly all previous studies, while our inferred values of M∗

are therefore (unsurprisingly) somewhat lower. Interestingly, our results in fact

agree best with those recently derived by Weisz et al. (2014), who attempted to

reconstruct the form of the UV LF out to z ' 5 from the properties (including

star-formation histories) of the galaxies in the local group. We speculate that this

agreement perhaps reflects the fact that our own study and that undertaken by

Weisz et al. (2014) are the only studies to date which have probed to the depths

required to properly determine the faint-end slope (in fact Weisz et al. (2014)
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Figure 3.5 Our derived best-fitting Schechter function parameter values at
z ' 2, 3, and 4, with the associated 1σ and 2σ single-parameter
confidence regions (corresponding to ∆χ2 = 1, 4 after minimizing
over the other parameter). As can be seen from the upper panel,
α remains shallow, steepening little if at all over the redshift range.
The lower panel shows that φ∗ drops gradually from z ' 2 to z ' 3,
but then falls by a factor ' 2.5 by z ' 4. However, this drop in
number density is offset by a steady brightening in M∗ by ' 1 mag.
from z ' 2 to z ' 4, to the extent that UV luminosity density peaks
at z ' 2.5− 3.
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Figure 3.6 The rest-frame UV (1500Å) galaxy luminosity functions presented in
Fig. 3.4, now overlaid to show the form of the evolution from z ' 2
to z ' 4. As is also clear from the Schechter function parameter
values plotted in Fig. 3.5, it can be seen that i) the faint-end slope is
little changed over this redshift range, ii) normalization drops only
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z ' 4, and iii) the LF brightens steadily by ' 1 mag. from z ' 2 to
z ' 4.
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reach down to MUV ' −5 at z ' 0), with an inevitable resulting impact on the

inferred best-fitting values of the other two Schechter parameters. While this

agreement is interesting, and arguably impressive, we note that, unsurprisingly,

the uncertainties in our parameter values are much smaller than those presented

by Weisz et al. (2014).

Interestingly, the evolution of φ∗ and M∗ derived here over the redshift range

z ' 2− 4, is also very similar to that recently derived for the evolving emission-

line galaxy LFs by Khostovan et al. (2015) (although their results were derived

by locking the value of the faint-end slope, due to the lack of data of sufficient

depth to constrain it).

Table 3.2 The Schechter function fits to the measured Luminosity Functions
from z '2-4 along with the best-fit Schechter parameters from several
previous studies up to z=4.

Team z Rest-frame (Å) M∗ φ∗ α

This Work 1.7 1500 −19.62±0.09 0.00378±0.00053 −1.33±0.03

Oesch 2010 1.7 1500 −20.17±0.34 0.00234±0.00096 −1.60±0.21

Sawicki&Thomson 2006 1.7 1700 −19.80±0.32 0.01698±0.00489 −0.81±0.21

Hathi 2010 1.7 1500 −19.43±0.36 0.00217±0.00077 −1.27±0.00

This Work 1.9 1500 −19.86±0.12 0.00386±0.00073 −1.36±0.04

Arnouts 2005 2.0 1500 −20.33±0.50 0.00265±0.00020 −1.49±0.24

Alavi 2014 2.0 1500 −20.01±0.24 0.00288±0.00084 −1.74±0.08

Weisz 2014 2.0 1500 −19.36±0.28 0.00750±0.00400 −1.36±0.11

Hathi 2010 2.1 1500 −20.39±0.64 0.00157±0.00115 −1.17±0.40

Sawicki&Thomson 2006 2.2 1700 −20.60±0.38 0.00301±0.00176 −1.20±0.24

Sawicki 2011 2.2 1700 −21.00±0.50 0.00274±0.00024 −1.47±0.24

This Work 2.24 1700 −20.05±0.22 0.00342±0.00109 −1.30±0.09

Reddy&Steidel 2009 2.3 1700 −20.70±0.11 0.00275±0.00054 −1.73±0.07

Arnouts 2005 2.7 1500 −21.08±0.45 0.00162±0.00090 −1.47±0.21

Hathi 2010 2.7 1500 −20.94±0.53 0.00154±0.00114 −1.52±0.29

This Work 2.8 1500 −20.23±0.13 0.00496±0.00104 −1.28±0.07

Arnouts 2005 3.0 1500 −21.07±0.15 0.00140±0.00000 −1.60±0.13

Weisz 2014 3.0 1500 −20.45±0.26 0.00410±0.00200 −1.36±0.13

Sawicki&Thomson 2006 3.0 1700 −20.90±0.22 0.00167±0.00013 −1.43±0.17

vanderBurg 2010 3.0 1600 −20.94±0.14 0.00179±0.00051 −1.65±0.12

Reddy&Steidel 2009 3.05 1700 −20.97±0.14 0.00171±0.00053 −1.73±0.13

This Work 3.8 1500 −20.63±0.23 0.00296±0.00098 −1.44±0.08

Bouwens 2014 3.8 1600 −20.88±0.08 0.00197±0.00034 −1.64±0.04

Bouwens 2007 3.8 1600 −20.98±0.10 0.00130±0.00020 −1.73±0.05

Weisz 2014 4.0 1500 −20.89±0.11 0.00182±0.00010 −1.58±0.08

Sawicki&Thomson 2006 4.0 1700 −21.00±0.40 0.00085±0.00021 −1.26±0.40

vanderBurg 2010 4.0 1600 −20.84±0.09 0.00136±0.00023 −1.56±0.08

Finkelstein 2014 4.0 1500 −20.73±0.09 0.00141±0.00021 −1.56±0.06

Yoshida 2006 4.0 − −21.14±0.14 0.00146±0.00041 −1.82±0.09
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Cosmic Variance

The derived LF can vary depending on the dimensions of the survey field observed,

as a result of the underlying large-scale density fluctuations within the Universe.

We find more galaxies within the UltraVISTA ultra-deep data than in the UDF

field, which covers a similar area of sky. Cosmic variance affects the number

counts of more massive and hence rarer galaxies more severely, however for small

number counts the Poisson error can be more significant. Therefore, we conclude

that for our sample, the errors due to Poisson noise dominate over the cosmic

variance.

Comparison to Literature up to z=8

In Fig. 3.7 we also attempt to place our findings in the wider context of the results

derived from a number of recent studies of the UV LF extending out to z ' 8.

Interestingly, it can be seen that the level of agreement is better at z ' 4 than

at z ' 2 or z ' 3. The solid black lines in each panel of Fig. 3.7 show simple

parametric fits to the data (i.e. to the published Schechter parameter values), to

illustrate the overall evolutionary trend in each parameter as would be derived

from the literature. These curves are meant to guide the eye, and are not meant

to indicate our best estimate of true parameter evolution; indeed our new, more

accurate determinations of φ∗ and M∗ at z ' 2 − 3 clearly differ significantly

from the literature average (for the well-understood reasons described above).

Nevertheless, the evolutionary trend in α indicated by the simple straight-line fit

shown in the bottom panel serves to re-emphasise how well our derived shallow

faint-end slopes agree with the Weisz et al. (2014) results, and also shows that

such values are in fact in very reasonable agreement with the general trend of a

gradual steepening from α ' −1.2 at z ' 0 to α ' −2 by z ' 8.

3.4 Evolution in Luminosity Density

We study the evolution of UV luminosity density, ρUV , inferred from our

LF determinations over the key redshift regime z ' 2 − 4. While a full

determination of star-formation rate density evolution also requires accounting

for the substantial impact of dust obscuration, the luminosity-weighted integral

of the UV LF does provide an important measurement of the unobscured star-
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Figure 3.7 A compilation of the derived Schechter function parameter values
for the UV galaxy LF over the redshift range z ' 0 to z ' 8, placing
the new results derived in this study, and the other results tabulated
in Table 3.2, into the wider context of virtually all of cosmic time.
Our own results, with error bars (see Fig. 3.5), are shown by the
large black points, with other results from the literature plotted as
indicated in the legend. The solid black line in each panel is a
simple parametric fit to the data, plotted to illustrate the overall
evolutionary trend in each parameter as inferred from the literature.
Interestingly, the evolution of φ∗ and M∗ from z ' 2 to z ' 4
deduced in the present study is somewhat more dramatic than seen
in most pre-existing direct studies of the LF at these redshifts, in fact
agreeing best with the values inferred by Weisz et al. (2014) from
galactic archaeology of the local group. The bottom panel again re-
emphasises how well our derived shallow faint-end slopes agree with
the Weisz et al. (2014) results, but also shows that such values are
in fact in reasonable agreement with the general trend of a gradual
steepening from α ' −1.2 at z ' 0 to α ' −2 by z ' 8.

77



formation rate density at each redshift.

The results of this calculation are presented in Table 3.3 and plotted in Fig. 3.8.

Here we have deliberately performed all calculations using the LFs determined

at λrest = 1500 Å to enable unbiased comparison of the derived values at each

redshift. Table 3.3 includes results calculated at z ' 2, 3 and 4, and also provides

results for narrower redshift bins at z ' 1.7 (1.5 < z < 2.0) and z ' 2.25

(2.0 < z < 2.5) to enable checking of the trend within the z ' 2 redshift bin. We

also provide results integrated down to different limiting absolute magnitudes:

M1500 = −17.7, M1500 = −15, and M1500 = −10. The results to M1500 = −17.7

are given for ease of comparison with many existing studies, while the convergence

seen at the deeper limits shows that, because our derived faint-end slopes are fairly

flat, relatively little additional luminosity density is contributed by the faintest

galaxies; Fig. 3.8 shows that ρUV has essentially converged by M1500 ' −15.

Regardless of the chosen integration limit, our results indicate that UV luminosity

density (and hence unobscured star-formation rate density) peaks at z ' 2.5− 3,

when the Universe was ' 2.5 Gyr old.

Table 3.3 The rest-frame UV (1500Å) luminosity densities as derived from
our UV LFs from z ' 1.7 to z ' 4, with the luminosity-weighted
integral performed down to three different magnitude limits. Because
our derived faint-end slopes are fairly flat, relatively little additional
luminosity density is contributed by the faintest galaxies,and Fig. 3.8
shows that ρUV has essentially converged by M1500 ' −15. Regardless
of the chosen integration limit, it seems clear that UV luminosity
density (and hence unobscured star-formation density) peaks at z '
2.5− 3, when the Universe was ' 2.5 Gyr old.

z ρuv/1026 ergs s−1Hz−1Mpc−3 ρuv/1026 ergs s−1Hz−1Mpc−3 ρuv/1026 ergs s−1Hz−1Mpc−3

Mlimit = −10 Mlimit = −15 Mlimit = −17.7

1.7 2.79± 0.04 2.62± 0.05 1.91± 0.04

1.9 3.01± 0.04 2.84± 0.06 2.11± 0.07

2.25 3.13± 0.04 3.00± 0.06 2.33± 0.07

2.8 3.64± 0.01 3.50± 0.04 2.86± 0.07

3.8 2.70± 0.03 2.56± 0.05 2.09± 0.07
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Figure 3.8 The rest-frame UV (1500Å) luminosity densities as derived from
our UV LFs from z ' 1.7 to z ' 4, with the luminosity-weighted
integral performed down to three different absolute magnitude limits:
M1500 = −17.7 (green circles), M1500 = −15 (blue stars), and
M1500 = −10 (pink triangles). The results to M1500 = −17.7 are
shown for ease of comparison with many existing studies, while
the convergence seen at the deeper limits shows that, because our
derived faint-end slopes are relatively flat, relatively little additional
luminosity density is contributed by the faintest galaxies (i.e. the
plot shows that ρUV has essentially converged by M1500 ' −15).
Regardless of the chosen integration limit, it seems clear that UV
luminosity density (and hence unobscured star-formation density)
peaks at z ' 2.5 − 3, when the Universe was ' 2.5 Gyr old. The
values plotted here are tabulated in Table 3.3

The formal uncertainties indicated by the error bars in Fig. 3.8 are fairly small,

both because the integral of the LF is better constrained than the (somewhat

degenerate) Schechter parameters, and because, with such a flat faint-end slope,

uncertainties in α only have a minor effect on the luminosity-weighted integral.

In practice, therefore, the true uncertainties are likely to be dominated by cosmic

variance (although luminosity density is clearly less affected by cosmic variance

uncertainties than, for example, bright galaxy number counts).

Finally, in Fig. 3.9 we show our derived UV luminosity densities (integrated down

to M1500 = −17.7) in the context of other recent determinations at comparable

redshifts, and recent measurements extending to z ' 9. Our new results are

more accurate than previous determinations, but in generally good agreement

with existing results at z ' 3 and z ' 4. At z ' 2 our new result lies at the

79



low end of the (widely discrepant) previously reported measurements, but is in

fact still higher than the recent estimate provided by Alavi et al. (2014). Even

allowing for cosmic variance, the basic conclusion that UV luminosity density

peaks at z ' 2.5 − 3 appears secure. Applying dust corrections can affect these

UV results. Dust-obscured galaxies may not have been selected in the UV region

and hence, this would result in an underestimated UV LF especially for the

high-mass galaxies. There has been some direct studies of the dust-obscured

LFs (Koprowski et al. 2017) and more data will be available from ALMA and

SCUBA2.

Of course, the precise epoch at which the cosmic star-formation rate density

reached a peak depends on the evolution of the correction for dust obscuration.

At z ' 2 a number of arguments indicate that this correction involves scaling

the raw UV luminosity density by a factor of ' 4 − 5 (Reddy & Steidel 2009;

Burgarella et al. 2013; Madau & Dickinson 2014), but whether this correction

evolves significantly between z ' 3 and z ' 2 remains as yet unclear.

Recent reviews of cosmic star-formation history based on data compilations have

generally favoured a peak in cosmic star-formation rate density at z ' 2 (Behroozi

et al. 2013, Madau & Dickinson 2014) but at least some recent studies (e.g.

radio (Karim et al. 2011); far-infrared (Burgarella et al. 2013); emission-line

(Khostovan et al. 2015) favour a peak nearer z ' 3. The latter scenario is more

obviously consistent with the new UV results presented here, but a definitive

answer awaits more direct measurements of dust-enshrouded star-formation at

z ' 2 − 4 from forthcoming deep sub-mm/mm surveys with SCUBA-2 on the

JCMT and the Atacama Large Millimeter Array.

3.5 Conclusion

We have exploited the high dynamic range provided by combining the Hubble

Ultra Deep Field (HUDF), CANDELS/GOODS-South, and UltraVISTA/COS-

MOS surveys to derive a new, robust measurement of the evolving rest-frame

ultraviolet galaxy luminosity function over the key redshift range from z ' 2 to

z ' 4.

The unparalleled multi-frequency photometry available in this survey ‘wedding

cake’, combined with the (relative) wealth of deep optical and near-infrared
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Figure 3.9 Our derived UV (1500Å) luminosity density values at z ' 2, 3 and 4,
with integration performed down to M1500 = −17.7, are here plotted
as the black points, and compared to results of similar calculations
performed by other authors as indicated in the legend. Our results
are more precise than previous determinations, but in generally good
agreement with existing results at z ' 3 and z ' 4. At z ' 2 our
new result lies at the low end of the (widely discrepant) previously
reported measurements.
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spectroscopy in these fields, has enabled us to derive accurate photometric

redshifts for ' 95% of the galaxies in the combined survey (The typical ∆z
z

is

provided in Figures 2.5, 2.6 and 2.7 to quantify the accuracy of my photometric

redshift sample.)

This has then enabled us to assemble robust and complete galaxy samples within

redshift slices at z ' 2, 3 and 4, facilitating a new determination of the form

and evolution of the UV galaxy LF, that probes ' 3 − 4 magnitudes fainter

than previous (unlensed) surveys at z ' 2 − 3, and does not rely on potentially

incomplete colour-colour selection techniques. The SED fitting undertaken to

determine the photometric redshifts has also allowed us to determine accurate

rest-frame UV absolute magnitudes (M1500 or M1700, as required for comparison

with previous results).

Our new determinations of the UV LF extend from M1500 ' −22 (AB mag)

down to M1500 =−14.5, −15.5 and −16 at z ' 2, 3 and 4 respectively. Fitting

a Schechter function to the LF data as determined from the Vmax estimator, at

z ' 2 − 3 reveals a much shallower faint-end slope (α = −1.32 ± 0.03) than

the steeper values (α ' −1.7) reported Reddy & Steidel (2009) or by Alavi et

al. (2014) (who utilised gravitational lensing to help sample the faint end of

the LF). By performing the Schechter function fitting down to differing limiting

magnitudes, we show that our measurement of faint-end slope is robust (i.e. the

inferred value plateaus/converges at M1500 > −17). By z ' 4 the faint-end

slope has steepened slightly, to α = −1.43 ± 0.04. Although these values are

significantly shallower than the aforementioned pre-existing estimates, we find

they are in excellent agreement with the values recently inferred by Weisz et al.

(2014) (from galactic archaeology of the local group), and are in fact consistent

with the overall evolutionary trend in α from z = 0 to z = 8, as gleaned from a

review of the literature.

Analysis of the other best-fitting Schechter function parameters reveals that our

derived number density normalization, φ∗, is higher than nearly all previous

estimates at z ' 2 (except, again, Weisz et al. 2014), declines only slightly

by z ' 3, and then drops by a factor ' 2.5 to z ' 4 (where our value agrees well

with most previous measurements). Meanwhile, this drop in number density is

offset by a steady brightening in M∗ by ' 1 mag. from z ' 2 to z ' 4, to the

extent that UV luminosity density does not drop significantly until the negative

density evolution takes over and dominates beyond z ' 3.
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Finally, we have compared our new UV LF determinations, and the resulting

inferred evolution of UV luminosity density (ρUV ), with results from a range

of previous studies extending from z ' 0 out to z ' 9. Because our new

measurements yield fairly flat faint-end slopes, our estimates of ρUV are relatively

robust; they have essentially converged by MUV ' −15, and are little influenced

by remaining uncertainties in α. We conclude that unobscured UV luminosity

density (and hence unobscured star-formation density) peaks at z ' 2.5−3, when

the Universe was ' 2.5 Gyr old. Whether or not this coincides with the peak in

total cosmic star-formation rate density (ρSFR) depends on the results of ongoing

efforts to determine the level and evolution of dust obscuration at this epochs.

3.6 Postlude

Based on the results shown in Fig. 3.7, it can clearly be seen that although the

faint-end slopes I find are relatively flat at z ∼ 2, the faint-end slope, α, of the

galaxy UV LF does appear to steepen towards higher redshift. This implies that

the intrinsically faint star-forming galaxies are more numerous towards higher

redshift and therefore, that their number density could have been sufficient for the

hydrogen reionziation at z ∼ 6. This issue has been explored recently by several

authors (e.g. Robertson et al. 2013, 2015 and Bouwens et al. 2015), however,

there remains significant uncertainties in this scenario and others have argued

that high-redshift AGN maybe another significant source of ionizing photons

contributing to the hydrogen reionization at high redshift. Hence, I have utilized

the skills mentioned in Chapters 2 and 3 to reanalyze a recent study by Giallongo

et al. (2015), investigating the AGN contributions to the hydrogen reionization

at z ∼ 6.
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Chapter 4

An exploration of the AGN

contribution to cosmic hydrogen

reionization

As discussed at the end of Chapter 3, there is a growing body of evidence that

young star-forming galaxies reionized the Universe. Nonetheless there is continual

interest in the possibility that AGN could have made a significant contribution

to the reionization process. Here we exploit our knowledge of the GOODS-S field

to reassess recent claims of large number of high-redshift X-ray AGN and their

claimed significant contribution to hydrogen reionization.

The layout of this chapter is as follows. Firstly, the motivation for this study

is explained in Section 4.1. In Section 4.2 we summarize the available X-ray

and supporting optical+near-IR data, and the sample of 22 objects discussed by

Giallongo et al. (2015). Then, in Section 4.3 we describe our new determination

of the photometric redshifts of the optical+near-IR objects, and present a

reassessment of the reliability of the claimed X-ray detections in the 4 Ms Chandra

imaging. In Section 4.4 we use the resulting revised sample of high-redshift AGN

in tandem with results from brighter AGN surveys to re-determine the likely form

and evolution of the high-redshift far-UV LF of AGN, and hence the contribution

of AGN to hydrogen ionizing emissivity at early times. We discuss our results in

the context of other recent studies in Section 4.5, and summarize our conclusions

in Section 4.6. Similar to previous chapters, throughout, all magnitudes are

quoted in the AB system (Oke 1974; Oke & Gunn 1983), and all cosmological
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calculations assume a flat cosmology with Ωm = 0.3, ΩΛ = 0.7 and H0 = 70

kms−1Mpc−1.

4.1 Introduction

Our understanding of cosmic reionization has advanced steadily in recent

years. The latest microwave background measurements now indicate a (model

dependent) ‘mean’ redshift for hydrogen reionization of 〈z〉 ' 7.8 − 8.8 (Planck

Collaboration 2016), while observations of the Gunn-Peterson effect (Gunn &

Peterson 1965) in high-redshift quasar spectra (e.g. Fan et al. 2006; Bolton et al.

2011; McGreer et al. 2015; Barnett et al. 2017), and the decline in observable

Lyman-α emission from high-redshift galaxies (e.g. Stark et al. 2010, 2015;

Pentericci et al. 2011, 2014; Curtis-Lake et al. 2012; Schenker et al. 2012, 2014;

Treu et al. 2013; Tilvi et al. 2014; Dijkstra et al. 2014) suggest the process was

essentially complete by z ' 6.

Through parallel efforts, our knowledge of early galaxy evolution has been pushed

back to within ' 0.5 Gyr of the Big Bang (see Dunlop 2013, Madau & Dickinson

2014, and Stark 2016 for reviews charting this progress), with the latest high-

redshift galaxy surveys now enabling a measurement of the evolving rest-frame

UV galaxy luminosity function out to at least z ' 10 (e.g. Ellis et al. 2013;

Dunlop et al. 2013; McLure et al. 2013; Oesch et al 2014; Bowler et al. 2014,

2015, 2017a; Bouwens et al. 2015a; McLeod et al. 2015, 2016; Parsa et al. 2016;

Ishigaki et al. 2017).

As a consequence, it now appears highly likely that the rapidly growing

population of early star-forming galaxies could indeed have bathed the Universe in

sufficient high-energy photons to produce/maintain cosmic hydrogen reionization

on a timescale consistent with the aforementioned observational constraints

(Robertson et al. 2010, 2013, 2015; Bouwens et al. 2015b). However, two

key uncertainties remain to be resolved. First, analyses combining all available

constraints indicate that most of the relevant ‘action’ has yet to be discovered,

with the ionizing photon budget dominated by low-luminosity galaxies undetected

by the Hubble Space Telescope (HST) (although see Sharma et al. 2016). Second,

the ionizing photon escape fraction from the high-redshift galaxies is generally

required to be ' 10 − 20% to achieve timely reionization (e.g. Robertson et al.

2013, 2015; Fontanot et al. 2014, Finkelstein et al. 2015; although see Weisz &
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Boylan-Kolchin 2017) significantly higher than typically found for lower-redshift

star-forming analogues (e.g. Siana et al. 2010; Grazian et al. 2017).

Arguably these are not serious problems, and further observational advances can

be expected from 2019 with the James Webb Space Telescope (JWST ), given

its potential to detect rest-frame UV emission out to z ' 30. Moreover, there

are good theoretical reasons to expect typical ionizing-photon escape fractions to

grow at high redshift (e.g. Sharma et al. 2017), and problems related to escape

fraction (or, equivalently, the duration of hard ionizing radiation from young

star-forming galaxies) may be further alleviated by the inclusion of binary stars

in spectral synthesis models of galaxies (Eldridge, Izzard & Tout 2008; Eldridge

& Stanway 2009; Stanway et al. 2016; Bowler et al. 2017b).

Nonetheless, such concerns, coupled with the knowledge that supermassive black-

holes are certainly known to exist at z > 7 (Mortlock et al. 2011), continue to

generate interest in the possibility that active galactic nuclei (AGN) could have

played a significant role in cosmic hydrogen reionization.

Given that the accretion process within AGN generates a hard radiation

spectrum, with a potentially large escape fraction, AGN are obviously excellent

sources of ionizing photons, and the key issue is whether they are sufficiently

numerous at early times to contribute significantly to the hydrogen reionziation

process. Indeed, there is really no argument that quasars/AGN are responsible

for He reionization, which observations indicate is completed by z ' 2.5− 3, and

requires a radiation field with hν > 54.4 eV photons (e.g. Miralda-Escude et al.

2000; McQuinn et al. 2009; Haardt & Madau 2012; Compostella et al. 2013).

This follows empirically from the fact that the emissivity of quasars at z ' 3 is

sufficient to reionize HeII atoms (Furlanetto & Oh 2008; Faucher-Giguere et al.

2008; Haardt & Madau 2012).

However, the number density of bright quasars and AGNs declines at z > 3

(Willott et al. 2010; Fontanot et al. 2012; Masters et al. 2012) and, using

parametric extrapolations for the form/evolution of the AGN LF, Haardt &

Madau (2012) estimated that the ionizing emissivity of AGNs at z ' 6 was

only ' 1023 erg s−1Hz−1Mpc−3, an order-of-magnitude smaller than required

to maintain hydrogen reionization in the intergalactic medium (IGM) at that

redshift.

Nevertheless, it can be argued that this issue is still not closed because of

remaining uncertainty over the faint-end slope of the AGN LF at high redshifts.
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Attempts to better measure the faint end slope of the optical quasar LF at

z ' 3 − 4 indicate that it remains relatively flat, with β ' 1.5, similar to

measurements at lower redshift (Siana et al. 2008; Glikman et al. 2011).

Attempts have also been made to extend measurement of the X-ray LF of AGN

to high redshifts, utilising XMM and Chandra imaging of the COSMOS field

(Brusa et al. 2010; Civano et al. 2011) and, more recently, the 4 Ms Chandra

imaging in the Chandra Deep Field South (CDF-S) survey (Xue et al. 2011).

In particular, Fiore et al. (2012) adopted a new approach to try to exploit the

full power of the 4 Ms Chandra CDFS imaging to uncover high-redshift AGN, by

searching for X-ray detections at the positions of known high-redshift galaxies in

the deep optical+near-IR imaging within the central GOODS-S field. However,

at the time of this study, the full CANDELS imaging (Grogin et al. 2011) of

GOODS-S had yet to be completed, and although Fiore et al. (2012) reported

the discovery of several new X-ray AGN at z > 3, a meaningful determination of

the faint-end slope of the AGN X-ray LF at higher redshifts still proved elusive.

Motivated by this approach, following completion of the CANDELS WFC3/IR

imaging (Guo et al. 2013), Giallongo et al. (2015) undertook a new search

for high-redshift X-ray sources in GOODS-S, and reported the detection of a

substantial population of faint X-ray AGN at z > 4, which, they claimed, could

have produced sufficient co-moving far-UV emissivity, even at z ' 6, to maintain

hydrogen ionization in the IGM. Specifically, Giallongo et al. (2015) reported

the discovery of 22 X-ray AGN at z > 4 in the GOODS-S field (only 8 of which

featured in the purely X-ray selected Chandra 4 Ms catalogue of Xue et al. 2011),

and derived a new enhanced estimate of the comoving ionizing emissivity of AGN

at early times, based on a new determination of the far-UV (λrest = 1450 Å) LF

of AGN over the redshift range 4 < z < 6. This work has inspired theorists

to reappraise the potential role of AGN in cosmic reionization (e.g. Madau &

Haardt 2015; Mitra, Choudhury & Ferrara 2016; Qin et al. 2017).

However, these results have proved somewhat controversial. First, while the

detection of additional X-ray sources with the aid of near-infrared positional

priors is not unexpected, the application of a similar technique by Cappelluti

et al. (2016) to the same datasets found significantly fewer high-redshift X-ray

detections than claimed by Giallongo et al. (2015). In addition, again utilising

essentially the same Chandra 4 Ms, HST CANDELS and Spitzer imaging, Weigel

et al. (2015) failed to find convincing evidence for any X-ray source at z > 5

within GOODS-S. Moreover, recent studies of the X-ray AGN LF (Aird et al.
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2015; Fotopoulou et al. 2016) out to z ' 4− 5 suggest that the faint-end slope of

the total X-ray AGN LF stays unchanged, or if anything flattens with increasing

redshift. Most recently, Vito et al. (2016) used the new 7 Ms Chandra imaging

in the CDF-S, coupled with the CANDELS optical+near-IR imaging, to measure

the total X-ray emission from 2076 galaxies in GOODS-S over the redshift range

3.5 < z < 6.5. They used stacking methods and derived the first meaningful

constraints on the faint-end slope of the X-ray LF at z > 4, again finding evidence

for fairly flat slopes, consistent with previous studies at comparable redshifts (Vito

et al. 2014; Georgakakis et al. 2015). Futhermore, Vito et al. (2016) found no

evidence of significant X-ray emission in galaxy stacks at redshifts higher than

z ' 5.

In an attempt to contribute to this debate, and help clarify the origin of the some

of the disagreements outlined above, we have undertaken a reanalysis of the 22

z > 4 X-ray AGN reported by Giallongo et al. (2015). We have determined

new photometric redshifts for the proposed optical+near-IR counterparts, and

have reassessed the robustness of the proposed X-ray detections. Based on the

revised sample of high-redshift AGN we have then re-estimated the high-redshift

evolution the far-UV comoving emissivity produced by AGN, and the consequent

potential contribution of AGN to cosmic hydrogen reionization.

4.2 Data

4.2.1 X-ray Data

The X-ray data utilised here is that provided by the Chandra X-ray Observatory

through the first 4 Ms of imaging undertaken within the Chandra Deep Field

South (CDF-S) survey (Xue et al. 2011). The publicly-available X-ray imaging,

spanning the energy range 0.5 − 10 keV, was reduced following the procedures

described in Luo et al. (2008).

4.2.2 Optical and near-IR data

In this study we have used the same CANDELS/GOODS-S and HUDF12 datasets

explained in previous chapters. This briefly includes the publicly-available HST
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WFC3/IR and HST ACS imaging of the CANDELS/GOODS-S field, and the

associated pre-existing HST optical (Giavalisco et al. 2004), ground-based VLT

U -band (Nonino et al. 2009) and Ks-band (Retzlaff et al. 2010; Fontana et

al. 2014), and Spitzer IRAC imaging (Ashby et al. 2013), as summarized by

Guo et al. (2013). The sources were detected, and their isophotal fluxes in the

HST bands measured using sextractor v2.8.6 (Bertin & Arnouts 1996) in

dual-image mode, with H160 as the detection image. As described in Guo et al.

(2013), in this field the Template FITting (tfit) method (Laidler et al. 2007)

has been applied to generate the matched photometry from the lower angular

resolution U , Ks and IRAC imaging. The GOODS-S catalogue provided by

Guo et al. (2013) contains 34930 sources within a sky area of 173 arcmin2, with

photometry in the U , B435, V606, i775, z850, Y098, Y105, J125, H160, Ks, IRAC3.6µm

and IRAC4.5µm bands.

4.2.3 The Giallongo et al. (2015) sample

To extract their new sample of proposed high-redshift z > 4 X-ray AGN,

Giallongo et al. (2015) first isolated a sample of z > 4 optical/near-IR sources

from within the Guo et al. (2013) GOODS-S catalogue, using the photometric

redshifts assembled by the CANDELS team (Dahlen et al. 2013) who applied only

galaxy template SEDs to determine their photometric redshifts. This resulted in

a sample of 1113 sources in the CANDELS/GOODS-S region with photometric

or spectroscopic redshifts z > 4. They then used the positions of these proposed

z > 4 sources as derived from the HST WFC3/IR H160 imaging as priors in

the procedure proposed by Fiore et al. (2012) to search for significant X-ray

flux at these input positions. Fiore et al. (2012) developed a multi-dimensional

source detection technique using spatial, spectral, and timing information. In

particular, clustering of X-ray events in energy, time and spatial coordinates

were investigated to efficiently detect X-ray bursts and X-ray sources were

characterised by specific features such as strong lines or sharp edges. In essence,

Giallongo et al. (2015) pushed the sensitivity limit of the Chandra imaging by

looking for clustering of X-ray counts in space-time-energy parameter space. The

result was a claimed sample of 22 significant X-ray detections from within the

parent sample of 1113 z > 4 sources. This sample is presented in Table. 4.1. As

explained in Giallongo et al. (2015), 8 of these 22 sources were already reported

in the X-ray selected catalogues of Xue et al. (2011) and Hsu et al. (2014),

with a further 3 previously reported by Fiore et al. (2012), albeit with somewhat
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Table 4.1 The positions and spectroscopic+photometric redshift information for
the 22 z > 4 X-ray AGN candidates selected by Giallongo et al.
(2015). IDG15, IDX11 and ID3D−HST represent respectively the
identification number for each source as published in the Giallongo
et al. (2015), Xue et al. (2011) and Skelton et al. (2014) catalogues.
3D-HST, G15 and H15 indicate the photometric redshifts of the
optical/near-IR sources as determined by Skelton et al. (2014),
Giallongo et al. (2015) and Hsu et al. (2014). The photometric
redshifts determined in this study are then given under the heading
‘This Work’, followed in the final five columns by the χ2 value
achieved in the SED fit, the SED type T (G for Galaxy, A for
AGN) of the best fitting template, the dust reddening of the best-fitting
template, E(B − V ), secondary solution, and finally the χ2 value for
the secondary solution.

ID
RA Dec zspec

zphot χ2 T E(B − V ) / mag Zsec χ2

G15 X11 3D-HST 3D-HST G15 H15 ThisWork
273 403 471 53.1220463 −27.9387409 4.76 4.76 4.49 4.70 4.25 12.49 G 0.5 - -
4285 - 7895 53.1664941 −27.8716803 - 4.32 4.28 - 0.46 6.31 G 0.0 4.375 10.41
4356 485 8052 53.1465968 −27.8709872 - 5.12 4.70 2.47 3.62 0.42 A 0.6 2.52 0.53
4952 - - 53.1605007 −27.8649890 - 4.32 4.32 - 4.34 14.77 A 0.0 - -
5375 331 10474 53.1026292 −27.8606307 - 4.37 4.41 0.70 0.23 1.79 A 0.5 - -
5501 - 10764 53.1280240 −27.8593930 - 5.76 5.39 - 3.96 4.14 G 0.5 - -
8687 - 17724 53.0868634 −27.8295859 - 4.43 4.23 - 3.57 7.97 G 0.1 0.56 8.83
8884 - 18119 53.1970699 −27.8278566 - 4.76 4.52 - 4.40 3.95 G 0.5 - -
9713 - 19509 53.1715890 −27.8208052 5.70 5.76 5.86 - 5.97 10.64 G 0.1 - -
9945 - 19906 53.1619508 −27.8190897 4.48 4.43 4.34 - 4.28 8.44 G 0.1 - -
11287 - 22175 53.0689924 −27.8071692 - 4.82 4.94 - 4.90 5.02 G 0.2 - -
12130 - 23582 53.1514304 −27.7997601 4.62 4.54 4.43 - 4.39 18.17 G 0.1 - -
14800 - 27960 53.0211735 −27.7823645 4.82 4.88 4.92 - 4.80 1.23 G 0.1 - -
16822 371 31374 53.1115637 −27.7677714 - 4.82 4.52 3.24 4.50 2.32 G 0.4 - -
19713 392 36223 53.1198898 −27.7430349 - 5.49 4.84 2.4 2.88 1.29 G 0.8 - -
20765 521 37989 53.1583449 −27.7334854 - 3.15 5.23 2.59 1.17 2.44 A 0.7 - -
23757 - 41824 53.2036444 −27.7143907 - 3.86 4.13 - 0.14 4.52 A 0.4 - -
28476 - - 53.0646867 −27.8625539 - - 6.26 - 6.16 1.41 G 0.7 2.94 6.14
29323 156 15927 53.0409764 −27.8376619 - 5.24 9.73 4.65 1.21 1.27 A 1.0 8.99 2.40
31334 - 27976 53.2131871 −27.7816486 - 0.80 4.73 - 4.86 4.78 A 0.0 - -
33073 - 37292 53.0547529 −27.7368325 - 4.76 4.98 - 4.93 0.05 G 0.0 0.875 0.62
33160 85 37803 53.0062504 −27.7340678 - 5.06 6.06 3.36 2.52 1.02 A 0.7 0.77 2.00

different photometric redshifts.

Thus, 14 of these 22 sources have been newly ‘discovered’ with the aid of the

H160 input prior positions, and are presumably therefore too faint to have been

discovered utilising straightforward established X-ray source detection techniques

applied purely to the Chandra imaging.

Table. 4.1 summarizes the available information on these sources (prior to the

present study) including catalogue numbers from Giallongo et al. (2015), Xue

et al. (2011), and 3D-HST (Skelton et al. 2014), H160 positions, spectroscopic

redshifts (available for 5 optical/near-IR sources) and photometric redshifts as

derived by Giallongo et al. (2015), Hsu et al. (2014), and the 3D-HST team

(Skelton et al. 2014). This table also contains our own new photometric redshift

determinations which we discuss and present in the next Section.
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4.3 Reanalysis of the 22-source sample

4.3.1 Photometric Redshifts

A comparison of columns 7, 8 and 9 in Table 4.1 shows that, whilst for

many sources the various pre-existing photometric redshifts are in reasonable

agreement, this is certainly not the case for all of the objects. In particular, for

several sources the photometric redshifts reported by Hsu et al. (2014) (who

included AGN templates in their SED fitting) are substantially lower than those

reported by Giallongo et al. (2015) or Skelton et al. (2014) (who considered only

galaxy templates). The differences may be due to the inclusion of different data

(e.g. Hsu et al. included medium-band photometry), different template sets,

different allowed ranges of reddening, or a different treatment of the photometric

errors, but (unsurprisingly) the precise reasons for these differences are hard to

isolate.

Therefore, given the importance of properly establishing the redshift distribution

of these candidate high-redshift AGN, we decided to re-investigate in detail

the photometric redshifts of all 22 claimed optical+near-IR AGN counterparts,

building on the photometric redshift work performed in Parsa et al. (2016) (and

explained in details in Chapter 2), utilising a mix of both galaxy and AGN

templates, and allowing for dust reddening extending up to E(B − V ) = 1.6

(Dunlop et al. 2007).

As in Parsa et al. (2016) (and explained in details in Chapter 2), we used

the public code Le Phare (PHotometric Analysis for Redshift Estimate; Ilbert

et al. 2006) to determine the photometric redshifts. This utilises a standard

template fitting technique, with the best-fitting spectral template and associated

photometric redshift determined by comparing the template SEDs with the

observed photometry via χ2 minimisation.1

To ensure the correct treatment of non-detections, we performed the fitting

in flux-density-redshift space (rather than magnitude-redshift space) and set

realistic floors to the photometric uncertainties as described in Chapter 2. The

increasing absorption of the IGM with redshift was modelled according to Madau

(1995), and dust reddening was implemented using the Calzetti et al. (2000)

attenuation law, with reddening allowed to vary over the range 0 < E(B − V ) <

1http://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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1.6 (with steps of ∆E(B − V ) = 0.1).

This implementation of the Le Phare code was applied to the sample of 22 sources

in two-template mode, allowing for combinations of galaxy and AGN model SEDs.

For the galaxy template set, we adopted PEGASEv2.0 (Fioc & Rocca-Volmerange

1999) template SEDs with emission lines switched on over the redshift range

z = 0.1 − 10, and, in addition, we adopted four sets of AGN model templates

over the same redshift range. The best solution was then selected based on

the lowest χ2 achieved over the complete galaxy+AGN template set, and the

associated photometric redshift adopted. The best-fitting SEDs are shown in

Fig. 4.1, and the corresponding preferred photometric redshifts are recorded in

column 10 of Table 4.1. As can be judged from the χ2 values of the best-fitting

SEDs (column 11 of Table 4.1), acceptable fits were achieved in all cases. The

inserts in Fig. 4.1 showing χ2 versus redshift can be used to judge the uncertainties

in each photometric redshift.

Reassuringly, in the 5 cases where a robust spectroscopic redshift has already

been determined (see column 6 in Table 4.1) our photometric redshifts are in good

agreement both with the spectroscopic values, and with the photometric redshifts

derived in the other pre-existing studies (note that this does not, however, mean

that we agree they are X-ray detected AGN; see below). However, for many other

sources our new photometric redshifts are substantially lower than those reported

by either Giallongo et al. (2015) or Skelton et al. (2014), and are often in better

accord with (or even lower than) the values reported by Hsu et al. (2014). In

the most dramatic examples of such discrepancies it appears that our best-fitting

solution has been achieved with an AGN template (column 12 of Table 4.1) but

it is also the case that, for several sources, the preferred fit has a high level of

dust reddening (E(B − V ); column 13 of Table 4.1).

The differences between the resulting redshift distributions derived for this 22-

source sample are illustrated in Fig. 4.2.

4.3.2 Robustness of the X-ray detections

We next carefully inspected the 4 Ms Chandra X-ray imaging of each of the 22

sources.

For each of the individual X-ray sources reported by Giallongo et al. (2015), we
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Figure 4.1 The best-fitting spectral energy distributions and inserts showing χ2

versus photometric redshift for the 22 AGN candidates listed in Table
1. The best-fitting photometric redshift, the type of the best-fitting
SED template (galaxy or AGN) and the preferred dust reddening for
each source is written in each panel. The sources are ordered by the
identification number from the GOODS-S CANDELS catalogue of
Guo et al. (2013), as also adopted by Giallongo et al. (2015), which
is written above each panel. For some of the sources, the secondary
solutions, also mentioned in Table 4.1, are in better agreement with
the Giallongo et al. (2015) results
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Figure 4.1 (continued)
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Figure 4.1 (continued)
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Figure 4.1 (continued)
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Figure 4.2 Alternative redshift distributions for the 22 high-redshift X-ray AGN
candidates reported by Giallongo et al. (2015) in the GOODS-S
field. In all three panels, the 5 sources with spectroscopic redshifts
are plotted at the same (spectroscopic) values. In addition, in each
panel we have indicated in red the subset of 8 brighter X-ray sources
also studied by Xue et al. (2011) and Hsu et al. (2014), while
the remaining subset of 14 fainter ‘sources’ uncovered by Giallongo
et al. (2014) (with the benefit of the H-band positional priors) is
indicated by the blue histograms. The top panel shows the redshift
distribution derived by Giallongo et al. (2015), where all 22 sources
are found to lie at z > 4. The central panel shows the corresponding
redshift information from the 3D-HST survey (Skelton et al. 2014).
The bottom panel shows the results of our own photometric redshift
analysis.
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have revisited and inspected the soft, hard and full X-ray energy-band (0.5 −
2 keV, 2 − 7 keV and 2 − 10 keV respectively) imaging provided by the Chandra

4 Ms imaging of the CDF-S. To increase the chances of a significant detection we

smoothed the images (considering a Gaussian function with σ = 1.5 arcsec) and

sought a significant detection in any one of the three X-ray images. The results

are shown in Fig. 4.3.

Even taking an optimistic approach to detections, we can confirm only 15 of the

claimed 22 X-ray sources. These 15 include the 8 previously known X-ray sources

(Xue et al. 2011) plus 7 of the new sources claimed by Giallongo et al. (2015)

with their positional prior-based detection technique. This leaves 7 sources for

which we can find no evidence of significant X-ray flux in any band coincident

with the position of the claimed HST counterpart (ID: 4285, 4952, 5501, 9713,

12130, 31334, 33073).

The 8 sources already found in the X-ray catalogue of Xue et al. (2011) are clearly

detected in all three X-ray images. We also (possibly in some cases optimistically)

confirm the detection of another 7 sources, at least in the soft X-ray imaging (ID:

8687, 8884, 9945, 11287, 14800, 23757, 28476). However, we are not able to

confirm the detection of the remaining 7 candidates. Based on analysis of the

raw or smoothed images and as discussed in the text and shown in Fig. 4.5, a

stack of the X-ray imaging of these 7 sources also yields no significant X-ray

detection consistent with the HST position in the soft, hard or full bands at the

optical/near-IR positions of these 7 sources (ID: 4285, 4952, 5501, 9713, 12130,

31334, 33073).

To explore this further we created stacks of the X-ray images. In Fig. 4.4 we

show the stacked soft, hard and full band images for the 15 X-ray sources for

which we find at least some evidence for individual source detections. Obviously

the resulting stacked detection is highly-significant (it contains the 8 brightest

X-ray sources, as well as the 7 more marginal detections), but this figure also

provides reassurance of the accurate astrometric alignment between the X-ray

and optical/near-IR positions that can be expected for genuine X-ray detections.

Then, in Fig. 4.5 we show the corresponding stacked X-ray imaging of the 7

individually undetected sources. Even after stacking, there is no evidence for

any significant X-ray flux from this group of sources, casting further doubt on

the reality of the X-ray detections claimed for these objects by Giallongo et al.

(2015). It can of course be argued that the approach adopted here is somewhat
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1Figure 4.3 Postage-stamp soft, hard and full-band Chandra 4 Ms X-ray images
of the 22 AGN candidates reported by Giallongo et al. (2015), as
listed in Table 4.1. The imaging has been Gaussian smoothed with
σ = 1.5 arcsec, and each stamp is 20× 20 arcsec, with North to the
top and East to the left. The colour scale spans a flux-density range
of ±2.5σ around the median background. The positions of the HST
WFC3/IR optical/near-IR counterparts are marked by a circle of
radius 2 arcsec in each plot. For each ‘source’ we indicate on the left
whether there is a signficant detection of X-ray flux coincident with
the HST counterpart, in any of the three X-ray images.
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Figure 4.3 (continued)

cruder than the more sophisticated approach adopted in Giallongo et al. (2015)

(which also incorporated the photon clustering in time), but we still regard it as

a matter of serious concern that a stack of these 7 sources shows no significant

X-ray emission coincident with the optical/near-IR central position.

In summary, we find that while the approach of using H160 prior positions to push

the detection limits of the Chandra imaging has probably successfully revealed

an additional 7 sources which eluded detection in the X-ray catalogue produced

by Xue et al. (2011), a further 7 of the X-ray detections reported by Giallongo et

al. (2015) appear to be erroneous (indeed, we checked that these 7 sources will

also remain undetected in the 7 Ms Chandra imaging which has been checked by

myself; Vito et al. 2016).

Combining this re-inspection of the X-ray data, and our re-analysis of the

photometric redshifts, we can find evidence for only one possible X-ray source

in GOODS-S at z > 6 (ID: 28476). However, even for this remaining high-

redshift AGN candidate the SED fit shown in Fig. 4.1 does not formally exclude

the possibility of a significantly lower redshift solution. Indeed, this object is

arguably surprisingly bright to lie at z > 6, and in Fig. 4.6 we show a zoom-in

on the χ2 − z plot for this source, which shows that, within ∆χ2 = 4 of the

best-fitting solution, a redshift as low as z ' 3 cannot be excluded.
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Figure 4.4 Postage-stamp soft, hard and full band Chandra 4 Ms X-ray images
of the stack of the 15 individually-detected sources in the 22-source
sample. These stacks include the 8 X-ray sources which already
featured in the catalogues produced from the 4 Ms imaging by Xue et
al. (2011), plus the 7 more marginal detections confirmed in Fig. 4.3.
The imaging has been Gaussian smoothed with σ = 1.5 arcsec,
and each stamp is 20 × 20 arcsec in size, with North to the top
and East to the left. The colour scale spans a flux-density range
corresponding to ±2.5σ around the median background. The position
of the HST WFC3/IR optical/near-IR counterpart is marked by a
circle of radius 2 arcsec.

For the remainder of this work we retain the z ' 6.15 redshift solution for this

source, but the uncertainty over its redshift means that our final estimate of AGN

UV emissivity at z ' 6 should arguably be regarded as an upper limit.

Positional offset between the X-ray and HST images can be taken into account for

Fig. 4.5 and one can argue that these sources will be detected if corrected for this

offset. However, this is not true for this work as there is no significant positional

offset observable in Fig. 4.4, showing the stack image of the 15 detected AGNs.

Therefore, the visual inspections are reliable and these 7 sources are considered

as non-detections for the rest of this analysis.

4.4 Revised Emissivity Estimates

4.4.1 Calculating AGN hydrogen ionizing emissivity

Since our focus here is on revisiting the results of Giallongo et al. (2015), we

follow their approach to calculating the ionising emissivity of the high-redshift

AGN population.

Giallongo et al. (2015) applied the standard 1/Vmax approach (Schmidt 1968)

to determine the rest-frame Far-UV (1450 Å) LF of the X-ray AGN by binning
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Figure 4.5 Postage-stamp soft, hard and full band Chandra 4 Ms X-ray images
of the stack of the 7 individually undetected sources in the 22-source
sample (ID: 4285, 4952, 5501, 9713, 12130, 31334, 33073; see
Fig. 4.3). As in Fig. 4.4, the imaging has been Gaussian smoothed
with σ = 1.5 arcsec, and each stamp is 20 × 20 arcsec in size,
with North to the top and East to the left. The colour scale spans
a flux-density range corresponding to ±2.5σ around the median
background. The position of the HST WFC3/IR optical/near-IR
counterpart is marked by a circle of radius 2 arcsec. It can be
seen that, even in the stacked imaging, there is no evidence for
significant emission coincident with the central HST positions used
as as positional priors by Giallongo et al. (2015).

their proposed sample of 22 z > 4 sources into three redshift bins corresponding

to z = 4.25, 4.75 and 5.75. Absolute magnitudes, M1450, were computed from

the apparent magnitudes in the filters closest to sampling λrest = 1450 Å within

each redshift bin. Using this technique, they reported new measurements of the

far-UV LF for AGN down to a faint limit corresponding to M1450 ' −18.5 over

the redshift range z = 4− 6.5.

After deriving the shape of LF at these three redshifts, Giallongo et al. (2015)

then calculated the inferred hydrogen ionizing emissivity of these AGNs using:

εion(z) = 〈f〉ε912 =

〈f〉
∫
φ(L1450, z)L1450

(
1200

1450

)0.44(
912

1200

)1.57

dL1450

(4.1)

where 〈f〉 is the average escape fraction of ionizing radiation from the AGN host

galaxies and ε912 is the co-moving emissivity produced by the volume-averaged

AGN activity. The shape of the AGN SED from λ = 1450 Å to λ = 912 Å was

represented by a double power-law with slopes adopted following Schirber et al.

(2003) and Telfer et al. (2002).

In applying the above formula, Giallongo et al. (2015) calculated the integral
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Figure 4.6 The range of possible redshift solutions for the one potential
remaining z ' 6 X-ray detected AGN in our revised sample (ID-
28476). The horizontal red line indicates ∆χ2 = 4 above the
minimum χ2 achieved for the formal best solution at z ' 6, showing
that photometric redshifts as low as z ' 3 are acceptable, even
without application of any luminosity prior (which would favour
lower redshifts). We note that Giallongo et al. (2015) also found
that this source had a highly-uncertain photometric redshift.

Table 4.2 The high-redshift co-moving hydrogen ionizing emissivity provided by
AGN based on a simple rescaling of the number of confirmed X-ray
sources in each redshift bin.

Redshift Bin
Giallongo et al. 2015 This Work15sources This Work22sources

ε912/1024 erg s−1Hz−1Mpc−3 Nobj ε912/1024 erg s−1Hz−1Mpc−3 Nobj ε912/1024 erg s−1Hz−1Mpc−3 Nobj

4.0 - 4.5 (4.25) 6.80 6 3.40 3 4.53 4
4.5 - 5.0 (4.75) 5.92 8 2.20 3 4.44 6
5.0 - 6.5 (5.75) 2.50 5 0.50 1 1.00 2

down to a faint-luminosity limit corresponding to M1450,limit = −18, and assumed

an average escape fraction of 〈f〉 = 1.

4.4.2 Emissivity estimates from re-scaling of the

high-redshift AGN number counts

We first perform the basic calculation of simply rescaling the emissivities reported

by Giallongo et al. (2015) according to the number of GOODS-S X-ray AGN that

we now find lie in each of the redshift bins considered (i.e. at redshifts z = 4.25,

5.25 and 5.75). The numbers in each bin change both because we can confirm

only 15 of the original 22 sources as X-ray emitters, and because of the revised
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Table 4.3 AGN luminosity functions and resulting derived ionizing emissivities.
Binned number densities derived from the Vmax method are given for
the luminosity bins which contain GOODS-S objects in our revised
X-ray AGN sample, and best-fitting parameter values are given for
the double power-law parameterisation of the far-UV LF given by
Equation 2. The resulting derived ionizing emissivities, ε912, given
in the final column have been calculated from the LFs using Equation
1, integrating down to M1450 = −18. As in Table 2, ε912 is given in
units of 1024 erg s−1Hz−1Mpc−3

∆z M1500 log φobs Nobj β γ M∗ log φ∗ ε912

4.0− 4.5 1.75± 0.91 2.74± 0.14 −23.37± 1.25 −5.82± 0.72 3.09
−19 −3.99± 0.56 1
−20 − 0
−21 −5.2± 0.56 2

4.5− 5.0 1.75± 0.91 2.56± 0.24 −23.10± 4.02 −6.13± 2.08 1.25
−19 − 0
−20 − 0
−21 −4.8± 0.40 2
−22.5 −5.3± 0.70 1

5.0− 6.5 1.75± 0.91 2.41± 0.40 −22.58± 4.88 −6.62± 2.21 0.26
−19 − 0
−20 −5.99± 0.66 1
−21 − 0

photometric redshifts given in Table 4.1 and Fig. 4.2. However, this analysis has

been performed on both samples of 22 and also the confirmed sample of 15 AGNs

for the purpose of comparison with Giallongo et al. (2015).

The results are compared in Table 4.2, where it can be seen that the estimates

based on both samples are not only reduced at all three redshifts, but progres-

sively so with increasing redshift (because we find only 50% of the original number

of X-ray sources in the redshift range z = 4 − 4.5, only 38% at z = 4.5 − 5.0,

and only 20% at z = 5.0− 6.5). Note that only one X-ray source remains in our

sample at z > 5.0, approaching the reionization epoch. Moreover, as discussed

above, even this source (ID-28476) could in fact lie at a redshift as low as z ' 3

(see Fig. 4.6).

The revised ionizing emissivity estimates given in Table 4.2 are plotted and

discussed further in Section 5.

4.4.3 Emissivity estimates from a new determination of the

evolving AGN LF

The simple calculation presented above helps to clarify the extent to which the

proposed high-redshift sample of X-ray AGN is altered by the reinvestigation
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presented here. However, a more careful reassessment of the resulting impact on

inferred ionizing emissivity requires a re-determination of the far-UV LF to be

utilised in Equation 4.4.

We therefore fitted a double power-law LF, parameterised as:

φ =
φ∗

100.4(M∗−M)(β−1) + 100.4(M∗−M)(γ−1)
(4.2)

where φ∗, M∗, β and γ are the normalization, the break magnitude, the faint-end

slope and the bright-end slope respectively.

We fitted this parametric LF to our revised GOODS-S comoving number densities

along with the results at brighter magnitudes from the studies of Jiang et al.

(2009), Glikman et al. (2011) and McGreer et al. (2013). Again, we attempted

to calculate the far-UV LF for the three redshift bins corresponding to z = 4.25,

4.75 and 5.5.

The results of this fitting are shown in Fig. 4.7, where, for the faintest three bins

(M1500 = −21,−20,−19) we show our new values along with the values calculated

by Giallongo et al. (2015) for ease of comparison. We performed a completely

free fit of the double power-law LF to the data in the z = 4.25 bin, because

within this bin the data are of sufficient quality to enable a meaningful estimate

of the faint-end slope, β = 1.75± 0.91. We then fixed the faint-end slope at this

value for the two higher-redshift bins, and fitted for Mbreak and φ∗. The resulting

fits are shown by the curves in Fig. 4.7, and the best-fitting parameter values are

given in Table 4.3.

The double power-law LF fitted at z ' 4.25, with a faint-end slope β ' 1.75,

is very similar to that derived by Giallongo et al. (2015) (who actually report a

slightly flatter faint-end slope), and indeed essentially identical to that recently

derived by by Manti et al. (2017). In the two higher redshift bins, the relative

lack of faint AGN in our revised sample results in a steady reduction in φ∗, and

a mild monotonic reduction in the break luminosity. In contrast, Giallongo et al.

(2015) reported essentially no evolution between z ' 4.75 and z ' 5.75.

To calculate the the ionizing emissivities inferred by these far-UV LFs we follow

Giallongo et al. (2015), and use Equation 4.1, with the same double power-law

SED to extrapolate from 1450 Å to 912 Å, again integrate down to M1450 = −18,

and assume an average ionizing photon escape fraction of 〈f〉 = 1. The resulting
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emissivity estimates are given in the final column of Table 4.3, and are even lower

than the values estimated in Table 4.2. These values are plotted and discussed

further in the next Section.

4.5 Discussion

Our revised AGN hydrogen ionizing emissivity results at z > 4 for the 15 visually

confirmed sources are plotted in Fig. 4.8, along with the results from Giallongo

et al. (2015), values derived at lower redshifts by Palanque-Delabrouille et al.

(2013), and the predictions of the studies of Giallongo et al. (2012), Haardt

& Madau (2012) and Madau & Haardt (2015). The observational results of

Giallongo et al. (2015) are in reasonable accord with the predictions of the

theoretical modelling undertaken by Giallongo et al. (2012), which suggested

that AGN could indeed make a significant contribution to cosmic hydrogen

reionization. However, it can be seen that our revised results, either from the

revised number counts (Table 4.2) or from the luminosity-weighted integration of

the revised LFs (Table 4.3), are in much better accord with the predictions of

the parametric model of Haardt & Madau (2012), in which comoving ionizing

emissivity of the AGN population peaks at z ' 2 and then declines rapidly at

higher redshift. Indeed our revised emissivity estimates at z > 4, combined with

the results derived from the quasar LFs produced by Palanque-Delabrouille et

al. (2013) at lower redshifts, are very well described by the model of Haardt &

Madau (2012), simply boosted in amplitude by a factor of ' 2 (the solid black

curve in Fig. 4.8). This relation is given by the equation:

ε912 = 1024.9(1 + z)4.68 e−0.28z

e1.77z + 26.3
(4.3)

in units of erg s−1Hz−1Mpc−3.

It is clear that our results fall far short of the emissivity curves produced by

Giallongo et al. (2012) and Madau & Haardt (2015), both of which suggested

that high levels of AGN-produced emissivity might be maintained back into the

reionization epoch. Thus, as a result of our revised photometric redshifts, and our

reanalysis of the claimed X-ray detections, our findings support the conclusion,

originally reached by Haardt & Madau (2012) (and more recently reaffirmed by

Vito et al. 2016 and Qin et al. 2017), that the contribution of AGN to cosmic
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Figure 4.7 The far-UV AGN luminosity functions at z = 4.25, 4.75 and 5.75,
based on the revised z > 4 X-ray AGN sample produced in the
present study, and the results from various brighter quasar surveys
(as indicated in the legend in each panel). The small red circles and
large black squares represent the results computed by Giallongo et
al. (2015) and in this work respectively. The double power-law LF
fitted at z ' 4.25 here is very similar to that derived by Giallongo
et al. (2015), and essentially identical to that derived by by Manti
et al. (2017) (with a faint-end slope β ' 1.75). In the two higher
redshift bins, the lack of faint AGN results in a steady reduction in
φ∗.
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Figure 4.8 Cosmic ionizing emissivity density, ε912, contributed by the evolving
AGN population as a function of redshift. The pink circles show the
emissivities calculated by Giallongo et al. (2015). The black filled
circles and open triangles indicate our revised results, the former
based on simple rescaling of the number of confirmed sources in
each redshift bin (Table 4.2), and the latter based on the luminosity-
weighted integration of our revised far-UV LFs (Table 4.3 and
Fig. 4.7). At z < 4 we plot the results from Palanque-Delabrouille
et al. (2013). The purple line is from the model of Giallongo et al.
(2012), the green line is from the model of Madau & Haardt (2015),
while the blue line is from the earlier model of Haardt & Madau
(2012). Our revised results at z > 4, and the latest results at lower
redshifts, are more consistent with the redshift evolution described
by the original model of Haardt & Madau (2012). Increasing the
amplitude of this model by a factor ' 2 (black line, and equation 3)
provides a good description of the observed evolution of ε912. The
difference between black filled circles and open triangles represents
the uncertainty of the results derived in this work.
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hydrogen ionization is essentially neglible.

Of course it is important to note that the revised model of reionization presented

by Madau & Haardt (2015) (green curve in Fig. 4.8) was motivated, at least in

part, by the observational results of Giallongo et al. (2015), and hence renewed

interest in a model in which cosmic hydrogen reionization was produced entirely

by early AGN. However, Fig. 4.8 shows that our revised estimate of AGN ionizing

emissivity at z > 5 now lies over an order-of-magnitude below that required

by such a model (even though we have assumed an escape fraction of unity in

calculating ε912).

We have also shown the emissivity values calculated via re-scaling AGN number

counts for the full 22 AGNs as well as only the 8 sources found in Hsu et al. (2014)

in Fig. 4.9. The results for the full sample of 22 sources are also tabulated in Table

4.2. As can be seen in this figure, our emissivity results for the full sample are

still not at high as Giallongo et al. (2015) especially for the highest redshift bin.

Interestingly the values derived from the 8 sources, found in previous catalogues

of Hsu et al. (2014) and Xue et al. (2011) agree very well with the original

theoretical model of Haardt & Madau (2012), claiming that the emissivity of

AGNs at z ∼ 6 is an order of magnitude lower than the required value to reionize

the hydrogen.

We conclude that all available evidence continues to favour a scenario in which

young galaxies reionized the Universe, with AGN playing an essentially negligible

role in cosmic hydrogen reionization.

4.6 Conclusions

We have re-investigated the properties of a claimed sample of 22 X-ray detected

active galactic nuclei (AGN) at redshifts z > 4 within the GOOD-S/CANDELS

field. While 8 of these X-ray sources were already known from existing X-ray

catalogues derived from the 4 Ms Chandra imaging within the CDF-S (Xue et al.

2011), the remaining 14 were identified by Giallongo et al. (2015). This was done

using positional priors derived from the HST H160 images of a catalogue of 1113

sources with claimed photometric redshifts z > 4, and searching for clustering of

X-ray photons in time coincident with these positions.

We have re-examined the robustness of the claimed X-ray detections (within the
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Figure 4.9 Cosmic ionizing emissivity density, ε912, contributed by the evolving
AGN population as a function of redshift. The Pink circles are the
UV emissivities calculated by Giallongo et al. (2015). Red, black
and blue circles represent the new scaled down emissivities based on
the number of sources in each redshift bin for the full sample of 22
sources, 15 detected ones in this work and the 8 sources matched with
the Xue et al. (2011) and Hsu et al. (2014) catalogues respectively.
The blue and purple lines are from the Giallongo et al. (2012)
and Haardt & Madau (2012) models. Orange line represents the
emissivity-redshift fit shifted by 0.3 dex and green line is the function
fitted by Madau & Haardt (2015) over a set of data points also
represented in grey in this figure and mentioned in the legend. Our
revised results of 15 sources at z > 4, and the latest results at lower
redshifts, are more consistent with the redshift evolution described
by the original model of Haardt & Madau (2012). Increasing the
amplitude of this model by a factor ' 2 (Orange line, and equation
4.3) provides a good description of the observed evolution of ε912.
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Chandra 4 Ms imaging), and find that, even taking an optimistic approach to

apparent detections, only 15 of the 22 X-ray sources can be confirmed in the 4 Ms

data, with a stack of the remaining 7 sources yielding no significant detection.

We have also carefully re-investigated the photometric redshifts of the 22 H160

counterparts, using both galaxy and AGN SEDs, and find that many of the

claimed high-redshift sources more likely lie at lower redshifts. Specifically, we

can only confirm 12 of the 22 HST sources to lie robustly at z > 4.

Combining these results, we have found convincing evidence for only 7 X-ray AGN

at z > 4 in the GOODS-S field, of which only one lies at z > 5. We have re-

calculated the evolving far-UV (1500 Å) luminosity density produced by AGN at

high redshift (using both revised number counts and a new determination of the

evolving LF) and find that it declines rapidly from z ' 4 to z ' 6, in agreement

with several other recent studies of the evolving AGN luminosity function.

Finally, we have calculated the resulting inferred high-redshift evolution of

comoving hydrogen-ionizing emissivity density (ε912), and compared this with

other recent observations and models. We conclude that, at z ' 6, the

contribution towards ε912 from AGN falls over an order-of-magnitude short of

the level required to maintain cosmic hydrogen ionization, and that the redshift

evolution of ε912 from AGN is better described by the model of Haardt & Madau

(2012) (albeit possibly boosted in overall amplitude by a factor ' 2) than by the

revised model of Madau & Haardt (2015) (which was inspired, in part, by the

results of Giallongo et al. 2015). Our results support a scenario in which the

emerging population of young galaxies reionized the Universe, with AGN making

at most a minor contribution to cosmic hydrogen reionization.
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Chapter 5

High Redshift Passive Galaxies

within the Hubble Ultra Deep Field

Identifying quiescent galaxies is quite challenging as it depends on the survey

used as well as the methods applied to calculate photometric redshifts and to

infer physical parameters such as stellar-mass and age. Recently, large multi-

wavelength surveys have allowed astronomers to measure the fraction of quiescent

and star-forming galaxies over cosmic time. These have shown that both the

number density of quiescent galaxies, as well as their total stellar mass density,

increases steadily with time since at least z ∼ 3− 4 (e.g. Bell et al. 2004, Faber

et al. 2007, Ilbert et al. 2013, Muzzin et al. 2013). The presence of quiescent

galaxies out to redshifts of z ∼ 4 or more (e.g. Straatman et al. 2014), shows

that star formation can be rapidly quenched following an early formation epoch

and these early quiescent galaxies are found to be elliptical and highly compact

(e.g. Daddi et al. 2005, van der Wel et al. 2014). The relatively constant

number density of star-forming galaxies, combined with the global decline in star

formation rate density by a factor of ∼ 10 since z ' 2 (Madau & Dickinson

2014), indicate that typical star forming galaxies are gradually decreasing their

star-formation rates over timescales of several Gyr. However, it is unclear to what

extent this decrease in the average star formation rate of star-forming galaxies is

related to the formation of completely quiescent galaxies. To study this further,

a more direct method involves the identification of galaxies caught in the act of

transition: either those thought to be in the final stage of a starburst (Nelson

et al. 2014; Barro et al. 2014; van Dokkum et al. 2015), or galaxies that have

recently quenched their star formation, defined as post-starburst galaxies, which
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are expected to be young and mainly dust-free (Wild et al. 2009; Whitaker et al.

2012). Consequently, a robust technique is required to distinguish between the

passive and star-forming galaxies effectively.

A reasonable template fitting configuration is necessary to derive accurate pho-

tometric redshifts and to measure reliable rest-frame colours, stellar population

properties, and the environmental densities; hence, having the exquisite deep

HUDF data-set at hand, and a reliable photometric redshift estimation technique

(explained in detail in Chapter 2), in this chapter I investigate the effectiveness

of a traditional UVJ colour-colour selection technique (Willliams et al. 2009,

Whitaker et al. 2011) to separate passive and star-forming galaxy populations

at redshifts 0.5 < z < 4.5. Following this, I focus on the properties of a sample

of possibly quenched galaxies at z > 3, and in particular their contribution to

stellar-mass density at early times.

The layout of this chapter is as follows. Firstly, the original (V − J) vs

(U−V )rest−frame technique is described in Section 5.1. In Section 5.2 I summarize

the tests applied to assess the effectiveness of this simple colour-colour (UVJ)

selection technique in isolating robust samples of quenched galaxies. The main

recipe used to select a robust sample of high-redshift potential passive sources

from the parent sample is also explained in Section 5.2. Then, in Section

5.3 I describe the main criteria used to select the most passive galaxies at

z > 3. Finally, Section 5.4 summarizes my main conclusions. Similar to previous

chapters, throughout, all magnitudes are quoted in the AB system (Oke 1974;

Oke & Gunn 1983), and all cosmological calculations assume a flat

Λ

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

5.1 The (V − J) vs (U − V )Rest−frame Technique

Galaxies within the local universe lie in two distinct classes: actively star-

forming galaxies and quiescent galaxies with evolved stellar populations and little

ongoing star-formation. These populations show strong bimodal behaviour in

their colours (Kauffmann et al. 2003; Baldry et al. 2004), where the red, quiescent

galaxies have a more luminous characteristic magnitude and a shallower faint-end
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slope of the luminosity and mass functions compared to those of blue galaxies.

Essentially, the UVJ diagram allows the degeneracy between red star-forming

and red quiescent galaxies to be broken: while galaxies with blue U −V colors in

general exhibit relatively unobscured star formation activity, red galaxies could

be either quiescent galaxies with evolved stellar populations or dust obscured

starbursts. But since dust free quiescent galaxies are blue in V − J , they occupy

a locus in the UVJ plane that is distinct from the star-forming galaxies, allowing

the two populations to be empirically separated. Based on this, Williams et al.

(2009) have published a colour-colour selection technique to separate passive and

star-forming galaxies based on their rest-frame U, V and J colours.

At high redshift, dusty star-forming and passive galaxies have similarly red

(U − V )rest−frame colours, and hence inclusion of the (V − J)rest−frame colour

can help distinguish between the quenched and star-forming galaxies (Labbe et

al. 2007, Wuyts et al. 2007, Williams et al. 2009; Ilbert et al. 2009). At a

fixed (U − V )rest−frame, passively evolving galaxies have blue (V − J)rest−frame

colours, whereas dusty galaxies have red (V −J)rest−frame colours. Therefore, the

location of the red quiescent galaxies in the UVJ plane shifts towards bluer (U −
V )rest−frame as the galaxies move to higher redshift, while their (V − J)rest−frame

colour remains essentially unchanged. For the analysis undertaken in this chapter,

absolute magnitudes at U, V and J rest-frame wavelengths were acquired from

the Le-Phare SED fits using a 100 Å top-hat synthetic filter centred at the

appropriate rest wavelength.

Whitaker et al. (2011) have modified the original selection limits of Williams et

al. (2009) at z > 1 and defined a passive galaxy to be the one such that :

(U − V )rest−frame > 0.88× (V − J)rest−frame + 0.69 [z < 0.5]

(U − V )rest−frame > 0.88× (V − J)rest−frame + 0.59 [z > 0.5]

(U − V )rest−frame > 1.3 & (V − J)rest−frame < 1.6 [0 < z < 1.5]

(U − V )rest−frame > 1.3 & (V − J)rest−frame < 1.5 [1.5 < z < 2]

(U − V )rest−frame > 1.2 & (V − J)rest−frame < 1.4 [2 < z < 3.5]

(5.1)

For the purpose of this analysis, focusing on redshifts 0.5 < z < 4.5, I only adopt
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and assess the following limits for my sample of galaxies within the HUDF field:

(U − V )rest−frame > 0.88× (V − J)rest−frame + 0.59

(U − V )rest−frame > 1.2

(V − J)rest−frame < 1.4

(5.2)

5.2 Assessment of the (V − J) vs (U − V )Rest−frame

Diagram

I used the full sample of the HUDF12 photometric catalogue and ran LePhare

to compute photometric redshifts as explained in Chapter 2. I have derived the

stellar-mass and age of each galaxy using a SED fitting technique similar to that

used in previous studies (Fontana et al. 2004, Grazian et al. 2006, Fontana et

al. 2006, Maiolino et al. 2008, Santini et al. 2012a, Wild et al. 2016). In all

cases the age is defined as the time elapsed since the onset of star-formation, the

only constraint being that it must be lower than the age of the Universe at that

redshift.

5.2.1 Examining the UVJ method Criteria

To examine the effect of dust reddening resolution, ∆E(B − V ), two different

LePhare configurations were applied to the photometric catalogue; firstly, a

comprehensive set of 42 PEGASEV2.0 (Fioc et al. 1999) SED models with

reddening ranging up to E(B − V ) = 0.5 in steps of 0.1 (i.e. the same

implementation used for the results shown in previous chapters), and secondly a

smaller sample of 15 PEGASEV2.0 (Fioc et al. 1999) SED models over the same

reddening range but with finer steps of ∆E(B − V ) = 0.03. I used the Calzetti

attenuation curve (Calzetti et al. 2000) and emission lines were included in both

runs. The adopted synthetic library encompasses a variety of star-formation

histories, such as a constant SFR, burst model and exponentially declining laws.

This approach allowed me to apply the UVJ limits (equation 5.2) based on the

rest-frame colours determined from each run and hence to choose a reasonable

recipe for selecting passive galaxies.
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Table 5.1 Passive galaxy samples isolated via the (V −J) vs (U −V )Rest−frame
diagram. Columns 2 and 3 show respectively the number of objects
from runs over 42 and 15 SED models with low/high resolution
reddening respectively. The last column gives the number of galaxies
in common between the two runs. The distribution is given for both
the sources limited by all three UVJ criteria (Box) and only the
diagonal line (Diagonal).

Number 42 SEDs 15 SEDs Common
NBox 123 107 94

NDiagonal 203 220 183

To examine the accuracy of this colour-colour selection method further, I studied

galaxies within both the region limited by three criteria and also the area above

the diagonal line (first criterion) only. Fig. 5.1 and Fig. 5.2 show how the objects

in my sample at redshift range 0.5 < z < 4.5 sit on the (V −J) vs (U−V )rest−frame

plot for the first and second run respectively. As mentioned before, figures show

the division based on the full three criteria and also only the first criterion of

equation 5.2.

As seen from these figures, there is no significant discrepancy between these two

runs and consequently, I have decided to investigate only the objects in common

selected by both of these configurations. For the rest of this analysis, I use

photometric redshifts, physical parameters and the rest-frame U, V and J colours

obtained through the second run with smaller SED sets but higher resolution

dust reddening. The (V − J) vs (U − V )Rest−frame plot for my final sample is

shown in Fig. 5.3 and the number of galaxies satisfying this colour-colour selection

technique in each run (for the box and just the diagonal line) as well as the number

of sources in common between these configurations are tabulated in Table 5.1.

These figures reveal the existence of a group of galaxies with E(B− V ) < 0.1, at

the bottom left corner of the (V − J) vs (U − V )rest−frame plane. These sources

satisfy only the diagonal line criterion and are excluded from the sample after

applying the horizontal (U − V )rest−frame limit. Interestingly, the majority of

these sources are best fit by either a burst or a steep exponentially declining star-

formation SED model and can likely be post-starburst candidates. This indicates

some possible uncertainties of the traditional UVJ colour-selection method and

some optimization is required to robustly select passive galaxies including these

potential dust-free quenched objects. Consequently, having selected these two

final samples of galaxies, including 94 and 183 sources, within the box and above

the diagonal line respectively, I then focused on the relation between their rest-
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Figure 5.1 The (V − J) vs (U − V )Rest−frame plot for galaxies in the redshift
range 0.5 < z < 4.5 within the HUDF field. The rest-frame U, V
and J luminosities are measured via a run over 42 PEGASE V2.0
SED models with reddening ranging up to E(B − V ) = 0.5 in steps
of ∆E(B − V ) = 0.1; the black arrow shows this reddening step.
The solid black lines define the regions limited by the UVJ method,
(U−V )rest−frame > 0.88×(V −J)rest+0.59, (U−V )rest−frame > 1.2
and (V − J)rest−frame < 1.4. The upper and lower panels indicate
respectively the galaxies satisfying the three criteria and only the
first condition. Grey and red/blue circles in each panel indicate the
star-forming and passive galaxies based on the UVJ selection method
respectively.
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Figure 5.2 The (V − J) vs (U − V )Rest−frame plot for galaxies in the redshift
range 0.5 < z < 4.5 within the HUDF field. The rest-frame U, V
and J luminosities are measured via a run over 15 PEGASE V2.0
SED models with reddening ranging up to E(B − V ) = 0.5 in steps
of ∆E(B − V ) = 0.03; the black arrow shows this reddening step.
The solid black lines define the regions limited by the UVJ method,
(U−V )rest−frame > 0.88×(V −J)rest+0.59, (U−V )rest−frame > 1.2
and (V − J)rest−frame < 1.4. The upper and lower panels indicate
respectively the galaxies satisfying the three criteria and only the
first condition. Grey and red/blue circles in each panel indicate the
star-forming and passive galaxies based on the UVJ selection method
respectively.
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Figure 5.3 The (V − J) vs (U − V )Rest−frame plot for galaxies in common
between the two runs in the redshift range 0.5 < z < 4.5 within the
HUDF field. The rest-frame U, V and J luminosities are measured
via a run over 15 PEGASE V2.0 SED models with reddening ranging
up to E(B−V ) = 0.5 in steps of ∆E(B − V ) = 0.03; the black arrow
shows this reddening step. The solid black lines define the regions
limited by the UVJ method, (U−V )rest−frame > 0.88×(V −J)rest+
0.59, (U − V )rest−frame > 1.2 and (V − J)rest−frame < 1.4. The
upper and bottom panels indicate respectively the galaxies satisfying
the three criteria and only the first condition. Grey and red/blue
circles in each panel indicate the star-forming and passive galaxies
based on the UVJ selection method respectively.
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frame colours and physical parameters for the remainder of this chapter, helping

me modify the original UVJ colour-colour selection method effectively.

Firstly, I have checked the distribution of these galaxies within the (V − J) vs

(U − V )rest−frame diagram using colour coded plots based on age of each galaxy,

computed from the best SED fit, and then on the dust reddening value of each

source, E(B−V ). These are shown in Fig. 5.4 and Fig. 5.5 for the galaxies within

the box and above the diagonal line respectively. A group of young dust-free

galaxies, not selected as the passive galaxies based on the standard UVJ selection

conditions, are clearly seen at the bottom left corner of Fig. 5.5, satisfying only

the diagonal line limit.

To further examine the effectiveness of the selection encapsulated in equation 5.2,

it is necessary to study the evolution of the rest-frame colour of each galaxy

with its physical parameters such as stellar-mass and age. This would require a

colour including the effect of all three rest-frame U, V and J luminosities. To

approach this, I have defined a pseudo colour for each source, by projecting its

rest-frame (V − J) over the original diagonal line of the UVJ selection method,

(U−V )rest−frame > 0.88×(V −J)rest−frame+0.59 (i.e. defining a new basis vector

parallel to the reddening vector). In other words, the (V −J) vs (U−V )rest−frame

plane is rotated by an angle of θ = 48.7◦, π
2
− arctan(0.88), using the following

matrix and hence, the original (U − V ) and (V − J)rest−frame are converted to

0.75× (V −J) + 0.66× (U −V ) and 0.66× (V −J)−0.75× (U −V ) respectively:

[
cosθ −sinθ
sinθ cosθ

]
(5.3)

This approach has allowed me to investigate the trend of this pseudo colour

with age, stellar-mass and dust reddening. The location of galaxies on the new

rotated colour plane is shown in Fig. 5.6 and their pseudo colour, defined as

0.75× (V −J)+0.66× (U−V ), distribution as a function of photometric redshift

is presented in Fig. 5.7. For the rest of this chapter, this new pseudo colour is

simply termed ‘colour’ for each source.

Fig. 5.7 clearly implies that these potential passive galaxies lie mainly either at

zphot > 3 or zphot < 2.5. This could be a result of utilising only a small field

(HUDF) for this analysis; however, I conclude that for the purpose of this work,

selecting passive galaxies at z > 3, this redshift gap will not have a significant

effect on my final conclusions (see later for explanation).
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Figure 5.4 The colour coded distribution of potential passive galaxies, confined
within the three criteria of equation 5.2, sit on the (V − J) vs (U −
V )rest−frame plane. The upper and lower panel show respectively the
distribution based on the age and E(B − V ) parameters.
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Figure 5.5 The colour coded distribution of potential passive galaxies satisfying
only the diagonal line (first criterion of equation 5.2) of the UVJ
technique, sit on the (V −J) vs (U −V )rest−frame plane. The upper
and lower panel show respectively the distribution using the age and
E(B − V ) parameters. A group of dust-free young galaxies are seen
at the bottom left corner of this plot.
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Figure 5.6 Distribution of potential passive galaxies over the new rotated rest-
frame colour plane. The y and x axes present respectively 0.75 ×
(V − J) + 0.66× (U − V ) and 0.66× (V − J)− 0.75× (U − V ). The
upper panel contains sources above the diagonal line of the original
UVJ method and the lower panel shows the objects satisfying all three
criteria.
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Figure 5.7 The new defined colour, 0.75 × (V − J) + 0.66 × (U − V ), versus
photometric redshift of potential passive sources. The upper panel
contains sources above the diagonal line of the original UVJ method
and the lower panel shows the objects satisfying all three criteria.
Blue and red circles respectively represent the dust-free, E(B−V ) <
0.1 and dusty, E(B − V ) > 0.1 galaxies in each panel.
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Table 5.2 Binned physical parameters of galaxies satisfying only the first
criterion of the UVJ technique, above the diagonal line. The upper
table lists the values for all 183 sources and the lower one tabulates
the measurements for only the sources with E(B − V ) < 0.1, defined
as dust free galaxies in this study.

Colour Bin N Colourerr Age (Gyr) Ageerr (Gyr) log M
M�

∆log M
M�

E(B − V ) E(B − V )err
0.50−0.75 20 0.012 3.575 0.023 8.166 0.183 0.003 0.002
0.75−1.00 33 0.012 1.175 0.095 8.751 0.110 0.011 0.004
1.00−1.25 38 0.011 1.484 0.061 8.931 0.063 0.020 0.005
1.25−1.50 31 0.014 1.753 0.136 8.923 0.142 0.065 0.010
1.50−1.75 28 0.012 1.833 0.114 9.025 0.146 0.120 0.014
1.75−2.00 14 0.017 1.440 0.180 9.803 0.189 0.230 0.019
2.00−2.25 13 0.016 1.483 0.208 10.394 0.135 0.290 0.022
2.25−2.50 5 0.036 1.920 0.066 10.599 0.206 0.350 0.025

Colour Bin N Colourerr Age (Gyr) Ageerr (Gyr) log M
M�

∆log M
M�

E(B − V ) E(B − V )err
0.50−0.75 20 0.012 0.360 0.023 8.166 0.183 0.003 0.002
0.75−1.00 33 0.012 1.175 0.095 8.751 0.110 0.011 0.004
1.00−1.25 36 0.011 1.525 0.057 8.925 0.064 0.015 0.004
1.25−1.50 18 0.017 2.078 0.176 8.530 0.148 0.023 0.007
1.50−1.75 11 0.020 2.386 0.250 9.528 0.213 0.041 0.012

To explore how these physical parameters relate to the colour of each galaxy, I

have binned this new ‘colour’, including the effect of all three rest-frame U,V and

J luminosities, chosen here in bins of width ∆Colour = 0.25. For both samples,

objects just above the diagonal line of the UV J method and galaxies limited by

all three criteria of this technique, the mean value of each physical parameter

of sources within each bin is then determined and the errors on each of these

parameters in each bin are measured by σ√
N

, where σ is defined as the standard

deviation and N is the number of galaxies within each bin. These results are

tabulated in Table 5.2 and Table 5.3; the lower panel of each table also represents

the binned results derived for only the dust free galaxies, E(B − V ) < 0.1.
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Table 5.3 Binned physical parameters of galaxies satisfying all three limits of the
original UVJ method, confined within a box. The upper table lists the
values for all 94 sources and the lower one tabulates the measurements
for only the sources with E(B−V ) < 0.1, defined as dust free galaxies
in this study.

Colour Bin N Colourerr Age (Gyr) Ageerr (Gyr) log M
M�

∆log M
M�

E(B − V ) E(B − V )err

1.00−1.25 8 0.013 1.281 0.082 8.781 0.156 0.007 0.007

1.25−1.50 28 0.014 1.734 0.129 9.029 0.144 0.065 0.010

1.50−1.75 28 0.012 1.833 0.145 9.025 0.146 0.120 0.014

1.75−2.00 14 0.017 1.439 0.180 9.803 0.189 0.280 0.019

2.00−2.25 13 0.016 1.483 0.208 10.394 0.135 0.290 0.022

2.25−2.5 3 0.006 2.117 0.108 10.499 0.312 0.330 0.057

Colour Bin N Colourerr Age (Gyr) Ageerr (Gyr) log M
M�

∆log M
M�

E(B − V ) E(B − V )err

1.00−1.25 8 0.013 1.281 0.082 8.781 0.156 0.007 0.007

1.25−1.50 16 0.018 1.994 0.182 8.607 0.156 0.026 0.008

1.50−1.75 11 0.020 2.386 0.248 8.528 0.213 0.041 0.041

The next six figures show how the age, stellar-mass and dust reddening change

as a function of ‘colour’ for all galaxies in my sample and also the ones with

E(B−V ) < 0.1. In each figure, the upper panel represents the sample of galaxies

above the diagonal line and the lower panel contains only the sources within the

region defined by all three criteria.

Fig. 5.8 implies that the age evolves steadily and smoothly towards higher colour,

especially for the sample containing the galaxies above the diagonal line. However,

this trend is less obvious when all three conditions of the UVJ method are adopted

(the lower panel of Fig. 5.8 ). On the other hand, Fig. 5.10 and Fig. 5.12 clearly

show a stronger correlation between the stellar-mass and the dust-reddening with

colour respectively. Interestingly, the evolution of the stellar-mass and dust-

reddening evolve smooth and strong towards higher colour for both samples of

galaxies, containing sources above the diagonal line and within the region limited

by all three conditions. This indicates that the stellar-mass and dust-reddening

have more impact on galaxy quenching than the age. Similar evolutionary trends

can be seen for only the dust-free sources, although there is no galaxy with

E(B−V ) < 0.1 above ‘colour’∼ 1.75. Fig. 5.9, Fig. 5.11 and Fig. 5.13 show these

results.

My re-examination of the three criteria of the original (V −J) vs (U−V )Rest−frame

colour-selection technique concludes that adopting the three limits of the UVJ

method isolates passive galaxies but not completely and hence the diagonal line

would be a better condition for isolating passive galaxies at high-redshift as it is
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Figure 5.8 Binned colour, 0.75× (V −J) + 0.66× (U −V ), versus the mean age
of potential passive galaxies within each bin, ∆Colour = 0.25. The
upper and lower panels respectively show the values corresponding to
sources above the diagonal line only and within the box defined by
the three limits of the UVJ technique. A smooth trend between the
age and the colour is more obvious in the upper panel, for galaxies
above the diagonal line.
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Figure 5.9 Binned colour, 0.75× (V −J) + 0.66× (U −V ), versus the mean age
of potential passive galaxies within each bin, ∆Colour = 0.25. Dark
and light blue square represent the results for dust-free sources,E(B−
V ) < 0.1, and the full sample respectively. The upper and lower
panels respectively show the values corresponding to sources above
the diagonal line only and within the box defined by the three limits
of the UVJ technique.
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Figure 5.10 Binned colour, 0.75× (V − J) + 0.66× (U − V ), versus the mean
stellar-mass, (log M

M�
), of potential passive galaxies within each

bin, ∆bin = 0.25. The upper and lower panels respectively show
the values corresponding to sources above the diagonal line only and
within the box defined by the three limits of the UVJ technique. A
strong correlation between the stellar-mass and colour can be seen
in both panels.
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Figure 5.11 Binned colour, 0.75 × (V − J) + 0.66 × (U − V ), versus the
mean stellar mass, (log M

M�
), of potential passive galaxies within

each bin, ∆bin = 0.25. Dark and light blue square represent the
results for dust-free sources,E(B − V ) < 0.1, and the full sample
respectively. The upper and lower panels respectively show the
values corresponding to sources above the diagonal line only and
within the box defined by the three limits of the UVJ technique.
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Figure 5.12 Binned colour, 0.75× (V − J) + 0.66× (U − V ), versus the mean
reddening value, E(B−V ), of potential passive galaxies within each
bin, ∆bin = 0.25. The upper and lower panels respectively show
the values corresponding to sources above the diagonal line only and
within the box defined by the three limits of the UVJ technique. A
strong correlation between the dust reddening and colour can be
seen in both panels.
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Figure 5.13 Binned colour, 0.75× (V − J) + 0.66× (U − V ), versus the mean
reddening value, E(B − V ), of potential passive galaxies within
each bin, ∆bin = 0.25. Dark and light blue square represent the
results for dust-free sources,E(B − V ) < 0.1, and the full sample
respectively. The upper and lower panels respectively show the
values corresponding to sources above the diagonal line only and
within the box defined by the three limits of the UVJ technique.
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more inclusive. Therefore, for the rest of this work, I consider the full sample of

183 galaxies that lie above the diagonal line, (U − V )rest−frame > 0.88 × (V −
J)rest−frame + 0.59, and study the potential passive high-redshift sources within

this region.

5.2.2 Reanalysis of passive galaxies at z > 3

To extract a new sample of high-redshift, z > 3, passive galaxies in the

HUDF region, I first have isolated sources at 3 < z < 4.5, from the parent

sample of 183 galaxies (satisfying only the diagonal line condition of the UVJ

method). Broadening the selection method, removing the horizontal and vertical

constraints, does not increase the risk of including more ‘false-detection’ sources.

This can be seen from figures 5.2 and 5.3 that the very passive sources are

towards the bottom left corner of the U − V vs V − J plane and the so called

‘false-detection’ sources are already within the box, originally defined as the

best solutions. Therefore, this strategy would not bias the results presented

in this work. This selection method results in a sample containing only 100

objects. Therefore, given the importance of properly creating a robust and reliable

sample of high-redshift passive galaxies, I have checked the redshift accuracy and

detection robustness of these sources.

Photometric redshifts

The best photometric redshift solution, found using Le-Phare, is selected based

on the lowest χ2 over the best-fitting SED and, therefore investigating this value

along with the best-fitting SED allowed me to select only the acceptable fits. The

best-fitting SEDs of these 100 sources are shown in Fig. A.1; the inserts showing

χ2 versus redshift can be used to judge the uncertainties in each photometric

redshift.

Two criteria are mainly considered for this check; first, an SED fit showing decent

fit to longer-wavelength bands such as IRAC3.6µm and IRAC4.5µm and second,

a sensible low χ2 with a smooth shape. Applying these two criteria leaves a

subsample of 38 objects out of the original 100 z > 3 galaxies.

Although the SED and χ2 fit of these 38 sources are reassuring, checking their

detection in optical and near-IR bands are also necessary to robustly comment
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on the reliability of these sources.

Robustness of the detection

I next carefully inspected the HST ACS and WFC3 imaging of each source. For

each individual object with a reasonable photometric redshift, I have revisited

and inspected the V606, J125 and H160 bands and the postage-stamps are shown in

Fig. A.2. I can confirm a reliable detection of 34 of these 38 sources in at least two

of the three bands. The photometric redshifts and inferred physical parameters

(all obtained via Le-Phare) of these 34 galaxies are tabulated in Table 5.4.

To explore these 34 sources further, I have also checked the H160 apparent

magnitude of sources in the parent sample (containing 183 galaxies above the

diagonal line of the UVJ method). This distribution derived for 83 galaxies at

z < 3, 62 less reliable sources at z > 3 and the more reliable 34 objects at z > 3

is shown in Fig. 5.15. The distribution of H magnitude of these 34 sources spans

smoothly over Hmag ∼ 28 − 29.5, whereas the distribution of the remaining less

reliable high-redshift galaxies peaks mainly at 29.5, the detection limit of the

original HUDF catalogue. This again reassures the accuracy of these 34 high-

redshift galaxies.

Having checked the photometric reliability and robustness of detection of this

small sample of potential passive high-redshift galaxies, I then have applied

the same binning technique to this sample, explained in the previous section,

and checked the evolutionary trend of physical parameters with ‘colour’. The

resultant measurements are listed in Table 5.5 and shown in Fig. 5.16. This figure

indicates similar strong correlation between the stellar-mass and dust-reddening

with ‘colour’ for this sample of 34 high-redshift galaxies (3 < z < 4.5).

5.3 Final sample of passive galaxies at z > 3

Based on these investigations, I have extended this study further and checked how

passive these 34 high-redshift sources are. This was approached by measuring the

ratio Age
τ

, where the age of each galaxy is estimated based on the best-fitting SED

and τ is the star formation history of the best-fitting exponentially declining SED.

In general, the sources with larger ratio Age
τ

are my main focus in this analysis

and hence, this strategy would select the galaxies with either a short τ relative
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Table 5.4 The positions, photometric redshift information and physical
parameters for the 34 high-redshift, 3 < z < 4.5, candidates with
robust photometric redshift and detection. The photometric redshifts
determined in this study are given in column 4, followed in the
final four columns by the χ2 value achieved in the SED fit, the dust
reddening of the best-fitting template, E(B−V ), age (Gyr) and finally
stellar-mass (M) also from the best-fitting SED.

ID RA Dec zPhot χ2 E(B − V ) Age (Gyr) log M
M�

1631 53.154035 −27.797746 4.03 00.954 0.00 0.75 9.130
1756 53.152778 −27.797083 3.21 00.900 0.00 1.75 9.008
1925 53.156245 −27.796755 4.22 08.636 0.13 1.25 9.448
2077 53.154371 −27.795212 3.04 32.448 0.00 1.75 9.099
2866 53.153367 −27.793311 4.33 14.689 0.06 1.25 9.365
3003 53.168155 −27.792584 3.14 18.598 0.00 2.00 8.808
3843 53.150620 −27.790105 3.34 03.652 0.00 0.37 9.141
4773 53.169818 −27.788067 3.33 32.119 0.00 1.75 8.998
5713 53.143363 −27.785890 3.83 13.068 0.00 1.50 9.144
5856 53.142532 −27.785623 4.48 08.433 0.00 1.25 9.206
5955 53.165008 −27.784864 4.37 01.954 0.13 1.25 9.809
6136 53.146319 −27.785072 4.14 11.396 0.00 0.85 9.050
6288 53.164024 −27.784691 4.44 21.490 0.20 1.25 9.917
6703 53.176235 −27.783648 4.10 07.194 0.03 1.25 9.380
7493 53.183638 −27.782154 4.21 14.108 0.00 0.50 9.111
8070 53.181369 −27.780758 4.43 07.942 0.03 1.25 9.388
8429 53.146631 −27.779487 3.31 09.741 0.10 0.70 9.484
8627 53.176053 −27.779409 4.29 04.109 0.00 1.25 9.138
8655 53.186463 −27.779488 3.21 01.329 0.00 1.50 8.717
9506 53.178693 −27.777700 3.04 07.645 0.00 2.00 8.486
10385 53.146971 −27.775432 3.52 11.905 0.09 1.75 9.236
10448 53.175332 −27.775473 4.44 04.874 0.00 0.32 8.999
10700 53.152244 −27.771579 3.11 26.610 0.00 2.00 9.157
11447 53.152766 −27.774067 3.93 04.411 0.03 0.90 9.035
11525 53.179706 −27.773874 4.14 05.063 0.03 0.75 9.154
11566 53.170269 −27.773012 4.02 04.302 0.03 1.50 9.272
12004 53.146907 −27.773354 3.98 04.556 0.00 0.47 9.281
12127 53.155988 −27.764986 4.21 04.718 0.00 0.55 9.033
12508 53.155871 −27.764535 3.41 03.934 0.00 1.75 8.932
12524 53.160113 −27.768820 3.89 03.515 0.00 0.90 8.934
12880 53.165211 −27.767033 4.42 17.901 0.00 1.25 9.247
13262 53.165051 −27.763510 4.40 02.530 0.00 0.40 8.905
14736 53.166645 −27.772130 4.45 03.476 0.00 0.37 9.189
14790 53.154431 −27.770911 3.52 10.980 0.00 1.75 9.104
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Figure 5.14 HST/WFC3 H160 magintude distributions for 183 galaxies lying
above the diagonal line of the UVJ method in the HUDF field.
The yellow histogram represents the galaxies that lie at z < 3.
Open histograms and filled green bars show the results for the robust
34 and the remaining non-selected 62 candidates at 3 < z < 4.5
respectively.

Table 5.5 Binned physical parameters for the 34 high-redshift, 3 < z < 4.5,
candidates with robust photometric redshift and detection.

Colour Bin N Colourerr Age (Gyr) Ageerr (Gyr) log M
M�

∆log M
M�

E(B − V ) E(B − V )err
0.50−0.75 6 0.020 0.408 0.025 9.104 0.050 0.0 0.0
0.75−1.00 15 0.018 1.263 0.123 9.060 0.052 0.006 0.003
1.00−1.25 8 0.024 1.431 0.119 9.180 0.082 0.027 0.012
1.25−1.50 4 0.030 1.500 0.125 9.356 0.159 0.087 0.026
1.50−1.75 1 0.000 1.250 0.000 9.917 0.000 0.200 0.000
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Figure 5.15 The physical parameter evolutionary trend as a function of colour,
0.75×(V −J)+0.66×(U−V ) for the 34 high-redshift (3 < z < 4.5)
candidates with robust photometric redshift and detection. The top,
middle and bottom panels show, respectively, the mean age, stellar-
mass and dust-reddening, E(B−V ), within each colour bin, ∆bin =
0.25.
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to the age or an older age object. I have also included the three sources best fit

by a burst model in my final passive sample.

Firstly, I checked the distribution of these galaxies on (V −J) vs (U−V )Rest−frame

plane, shown in Fig. 5.17, where these 34 sources are colour coded based on their
Age
τ

value. This is clearly obvious from this figure that the sources fit by a constant

star-formation best-fitting SED sit near the edge of the diagonal line and the

three galaxies best fit by a burst model SED as well as the seven objects with

the highest Age
τ

sit towards the bottom left corner of this diagram. Interestingly,

only one of these very quenched high-redshift galaxies (Age
τ
> 3Gyr) is within the

region confined by all three UVJ colour-selection limits. This again emphasizes

the importance of considering only the first condition of the UVJ method to

isolate a more inclusive sample of passive galaxies.

To examine these ten most quenched high-redshift sources further, I have also

checked their age distribution versus photometric redshift. This is shown in

Fig. 5.17 along with the age distribution of the remaining objects in the parent

sample of 183 galaxies (selected based on the first condition of the UVJ method

encapsulated in equation 5.2). The three objects best fit by a burst-model SED

and the three most passive high-redshift sources (Age
τ
> 4 Gyr) lie towards the

bottom right corner of this diagram, indicating the young age (< 0.5 Gyr) of

these possiblt post-starbust galaxies.

To conclude, considering only the diagonal line limit, I have found six very young

quenched galaxies at 3 < z < 4.5, including three sources (Age ∼ 0.5 Gyr) best fit

by a burst model (ID: 3843, 10448, 14736) and three most passive galaxies (Age ∼
0.5 Gyr and Age

τ
> 4.5 Gyr, ID : 7493, 12127). The very young age of these six

post-starbusts, sitting on the bottom left corner of the (V−J) vs (U−V )Rest−frame

plane, implies that their star-formation has not been switched off for very long

time and these passive galaxies can only be distinguished by adopting the first

condition of the standard UVJ colour-selection method. Best-fitting SEDs of

these six young passive high-redshift galaxies are shown in Fig. 5.18 and Fig. 5.19.

The postage-stamps of these candidates are also displayed in Fig. 5.20.

Furthermore, I have found another four high-redshift passive galaxies with

3 Gyr < Age
τ
< 4 Gyr and Age ≥ 1 Gyr (ID : 8655, 12508, 12524, 13262). In-

terestingly, the source 12508 is ∼ 74 Myr younger than the age of the Universe at

that redshift, (shown in Fig. 5.17) implying that it must have been formed around

z ∼ 30; however, as seen in Fig. 5.21, the fit for high redshift solution could be
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Figure 5.16 The distribution of 183 galaxies at redshift interval 0.5 < z <
4.5 within the HUDF field, lying above the diagonal line of the
UVJ technique, on the (V − J) vs (U − V )Rest−frame plane.
The rest-frame U, V and J luminosities are measured via a run
over 15 PEGASEV2.0 SED models with reddening ranging up to
E(B − V ) = 0.5 in steps of (∆E(B − V ) = 0.03); The solid black
lines define the regions limited by the standard UVJ method limits,
(U −V )rest−frame > 0.88× (V −J)rest+0.59, (U −V )rest−frame >
1.2 and (V − J)rest−frame < 1.4. Dark and light blue squares
respectively present the galaxies lie at z < 3 and non-selected high-
redshift sources at 3 < z < 4.5. The three red squares are the high-
redshift candidates, robustly selected, best fit by a burst model SED.
Coloured circles show the remaining 31 high-redshift, 3 < z < 4.5,
objects with robust photometric redshift and detection, colour coded
based on their Age

τ .
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Figure 5.17 The distribution of age with photometric redshift of all 183 galaxies
satisfying the diagonal line criterion of the UVJ method. Dark and
light blue squares respectively represent the galaxies lie at z < 3 and
non-selected high-redshift sources at 3 < z < 4.5. The three red
squares are the high-redshift candidates, robustly selected, best fit
by a burst model SED. Coloured circles show the remaining 31 high-
redshift, 3 < z < 4.5, candidates with robust photometric redshift
and detection, colour coded based on their Age

τ . The solid black
curve shows the age of the universe at each redshift.
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Figure 5.18 The best-fitting spectral energy distributions and inserts showing χ2

versus photometric redshift for the three young passive galaxies at
3 < z < 4.5 best fit to a burst model SED.
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Figure 5.19 The best-fitting spectral energy distributions and inserts showing χ2

versus photometric redshift for the three young passive galaxies at
3 < z < 4.5 with Age

τ > 4.5 Gyr.
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1Figure 5.20 Postage-stamps of the six young passive galaxies (three galaxies best
fit by a burst-model SED and three sources with Age

τ > 4.5 Gyr) in
the HST V606, J125 and H160 bands. Each stamp is 20× 20 arcsec
with North to the top and East to the left. The colour scale spans
a flux-density range of ±2.5σ around the median background. The
position of these sources is marked by a circle of radius 2 arcsec in
each plot. 146
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Figure 5.21 The best-fitting spectral energy distributions and inserts showing
χ2 versus photometric redshift for the four oldest passive galaxies
at 3 < z < 4.5 ( 3 Gyr < Age

τ < 4 Gyr and Age ≥ 1 Gyr) within the
HUDF region.

just as well fit at much lower redshift. This estimated age clearly depends on

the adopted star-formation history and hence a more realistic estimation will be

available in the future using the JWST data.

Best-fitting SEDs and postage-stamps of these four older passive high-redshift

galaxies in my sample are shown in Fig. 5.21 and Fig. 5.22 respectively.

As mentioned in Section 5.2, adopting all three criteria of the UVJ method would

have isolated only 94 sources as passive galaxies in redshift range 0.5 < z < 4.5

in the HUDF region. These sources contribute ∼ 4.3% to the total stellar-mass

density at this redshift range. Considering only the ten aforementioned most

passive high-redshift galaxies, selected based on the diagonal line limit only, I

found that their contribution to total stellar-mass density at redshift range 0.5 <

z < 4.5 and 0.5 < z < 4.5 is only ∼ 0.4% and ∼ 2% respectively. One way to

advance this work would be to use synthetic star formation history spectra and
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Figure 5.22 Postage-stamps of the four oldest passive galaxies
( 3 Gyr < Age

τ < 4 Gyr and Age ≥ 1 Gyr) in the HST V606,
J125 and H160 bands. Each stamp is 20 × 20 arcsec with North to
the top and East to the left. The colour scale spans a flux-density
range of ±2.5σ around the median background. The position of
these sources is marked by a circle of radius 2 arcsec in each plot.
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predict the photometry, add noise and try to refit using the same code to check

which types of objects pass the selection criteria and then reanalyse the results

again.
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5.4 Conclusion

I have re-examined the effectiveness of the traditional UVJ colour-colour selection

technique in distinguishing between passive and star-forming galaxies. Focusing

primarily on the deep HUDF data-set, I derived photometric redshifts and

physical parameters of the sources through Le-Phare, a template fitting code.

Since dust plays an important role in this selection process, two different

implementation of the Le-Phare code were applied to the original HUDF

photometric catalogue; first a comprehensive set of 42 PEGASEV2.0 SED models

with reddening allowed to vary over the range 0 < E(B − V ) < 0.5 with steps of

∆E(B − V ) = 0.1 and second a smaller list of only 15 PEGASEV2.0 template

SEDs over the same reddening range but with finer steps of ∆E(B − V ) = 0.03.

After applying the original UVJ criteria, encapsulated in equation 5.2, only the

sources in common between these two configurations were selected for further

study.

My assessment of the (V −J) vs (U −V )Rest−frame diagram showed the existence

of some young dust-free galaxies, defined in this analysis as E(B−V ) < 0.1, that

were not included in the region confined by the horizontal and vertical limits of the

original UVJ method, defined as (U −V )rest−frame > 1.2 and (V −J)rest−frame <

1.4 respectively. This investigation implied that adopting only the diagonal line

limit of the (V − J) vs (U − V )Rest−frame selection method would isolate a more

inclusive sample of passive galaxies. Consequently, for the rest of this analysis I

only considered a sample of galaxies containing 183 sources, satisfying only the

diagonal line limit of the UVJ method.

Focusing on the evolution of the rest-frame colour of each galaxy with its physical

parameters such as stellar-mass, dust-reddening and age, I conclude that stellar-

mass and dust-reddening drive galaxy quenching more strongly than age and

my results are consistent with the conclusions shown recently by Dunlop et al.

(2017). However, whether dust-reddening is driven by stellar-mass evolution or

not requires further study.

Then, I selected the galaxies at z > 3 from this parent sample and revised the

accuracy of their derived photometric redshifts and also inspected the robustness

of their detection in the V606, J125 and H160 HST bands. These checks resulted

in only 34 galaxies with a reasonable photometric redshift and detection. I have

also checked the H160 magnitude distribution of these 34 sources as an extra
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reassurance. Moreover, measuring the Age
τ

ratio of these high-redshift sources

enabled me to check the position of the most quenched high-redshift galaxies

on the (V − J) vs (U − V )Rest−frame plane. Finally, based on this indicator,

I have found six very young (∼ 5 Gyr) high-redshift quenched sources (three

best fit by a burst-model SED and three galaxies with Age
τ
> 4.5 Gyr) and four

older passive galaxies (3 Gyr < Age
τ
< 4 Gyr and Age ≥ 1 Gyr) within the HUDF

region. Only one of these ten most passive sources would have been selected if

all three conditions of the UVJ method were adopted. Lastly, I have shown that

these ten quenched high-redshift sources contribute almost 2% and 0.4% to the

stellar-mass density at at 3 < z < 4.5 and 0.5 < z < 4.5 respectively. Utilising

larger-volume surveys such as the CANDELS/GOODS-S and UltraVISTA along

with the deep HST data-set can further comment on the contribution of passive

galaxies to the stellar-mass density at early times. Furthermore, spectroscopic

follow ups of these ten candidates with JWST can further comment on the

effectiveness of this colour-selection method on distinguishing between passive

and star-forming galaxies.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The main results presented in this thesis are as follows.

First, in chapter 3, as a result of a through reanalysis of the redshift configuration

of the HUDF, GOODS-S and UltraVISTA survey (chapter 2), I have studied the

form and evolution of the UV galaxy luminosity function over the key epoch

corresponding to 0.5 < z < 4.5. I utilised the unparalleled multi-frequency

photometry available in this survey ‘wedding cake’ to compile complete galaxy

samples at z ' 2, 3, 4 via photometric redshifts (calibrated against the latest

spectroscopy) rather than colour-colour selection, and to determine accurate rest-

frame UV absolute magnitudes (M1500) from spectral energy distribution (SED)

fitting. My new determinations of the UV LF extend from M1500 ' −22 (AB

mag) down to M1500 =−14.5, −15.5 and −16 at z ' 2, 3 and 4 respectively (thus

reaching ' 3−4 magnitudes fainter than previous blank-field studies at z ' 2−3).

At z ' 2−3 I found a much shallower faint-end slope (α = −1.32±0.03) than the

steeper values (α ' −1.7) reported by Reddy & Steidel (2009) or by Alavi et al.

(2014). By z ' 4 the faint-end slope has steepened slightly, to α = −1.43± 0.04,

and I showed that these measurements are consistent with the overall evolutionary

trend from z = 0 to z = 8. My results implied that while characteristic number

density (φ∗) drops from z ' 2 to z ' 4, characteristic luminosity (M∗) brightens

by ' 1 mag. over this redshift range.
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Combining this with the new flatter faint-end slopes has the consequence that

UV Luminosity Density (and hence unobscured star-formation density) peaks at

z ' 2.5−3, when the Universe was ' 2.5 Gyr old. Moreover, my new estimates of

ρUV down to various magnitude limits have essentially converged by MUV ' −15,

and are little influenced by remaining uncertainties in α.

Second, in chapter 4, I re-investigated a claimed sample of 22 X-ray detected

active galactic nuclei (AGN) at redshifts z > 4, which had reignited the debate

as to whether young galaxies or AGN reionized the Universe. These sources lie

within the GOODS-S/CANDELS field, and I examined both the robustness of

the claimed X-ray detections (within the Chandra 4Ms imaging) and performed

an independent analysis of the photometric redshifts of the optical/infrared

counterparts and confirmed the reality of only 15 of the 22 reported X-ray

detections. Moreover, I found that only 12 of the 22 optical/infrared counterpart

galaxies actually lie robustly at z > 4.

I recalculated the evolving far-UV (1500 Å) luminosity density produced by AGN

at high redshift, and found that it declines rapidly from z ' 4 to z ' 6, in

agreement with several other recent studies of the evolving AGN luminosity

function. The associated rapid decline in inferred hydrogen-ionizing emissivity

contributed by AGN falls an order-of-magnitude short of the level required to

maintain hydrogen ionization at z ' 6. Consequently, I concluded that all

available evidence continues to favour a scenario in which young galaxies reionized

the Universe, with AGN making, at most, a very minor contribution to cosmic

hydrogen reionization.

Lastly, in the final science chapter of this thesis (chapter 5), I turned my attention

towards exploring the prevalence of quenched/passive galaxies at high redshift

utilising only the deep HUDF data-set. I revisited the effectiveness of the

traditional (V − J) vs (U − V )Rest−frame colour-selection technique (Williams

et al. 2009 , Whitaker et al. 2011) in distinguishing between quenched and star-

forming galaxies. My assessment of the (V − J) vs (U − V )Rest−frame diagram

confirmed the existence of some young dust-free, E(B − V ) < 0.1, galaxies that

would not have been included in the region confined by all three criteria of the
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original UVJ method. This indicated that adopting only the diagonal line limit

of the standard UVJ method is more reliable and would isolate a more inclusive

sample of passive sources.

Applying this limit and through careful SED fitting and inspecting postage-

stamps in the V606, J125 and H160 HST bands, I successfully isolated a sample

of ten passive high-redshift galaxies (3 < z < 4.5) including six young sources

(age ≤ 0.5 Gyr) and four older quenched galaxies (age ≥ 1 Gyr). Finally, my

results implied that these ten passive high-redshift sources contribute ∼ 2% and

0.4% to the total stellar-mass at 3 < z < 4.5 and 0.5 < z < 4.5 respectively.

My results are in agreement with the current understanding of galaxy evolution

as they show a smooth growth in star formation rate from z = 9 to z = 3 and a

decline to z = 1. My results demonstrate that the star-forming galaxies are still

the main contributors to the hydrogen reionisation, as predicted by the bottom-

up scenario that the galaxies formed at early times and then merged to form

clusters. The last chapter present evidence that quiescent galaxies suppressed, a

result that is again consistent with the expectations of a bottom-up model for

galaxy formation.

6.2 Future Work

There are several possible future works to expand the analysis in chapter 5.

In the near future, in order to further explore the effectiveness of the (V − J)

vs (U − V )Rest−frame colour-selection technique and robustly comment on the

contribution of quenched galaxies to stellar-mass at early times, I will repeat the

same analysis utilising wider-area surveys such as the CANDELS/GOODS-S and

UltraVISTA. This would allow me to extract a more robust sample including

rarer and more massive passive objects.

In the next few years, broadband photometry from the near-IR to mid-IR, probing

many possible emission lines at high-redshift, will be available with NIRCAM

and MIRI on board of the JWST, allowing robust measurement of the physical

properties of galaxies, such as age via measurement of the Balmer break. The

Near-Infrared Camera (NIRCam) provides filter imaging in the 0.6 to 5.0 µ range

and contains 7 broad-band filters, 12 medium-band filters, several narrow-band

filters and long wavelength slitless grisms. The Mid-Infrared Instrument (MIRI)
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provides imaging and spectroscopy over the wavelength range 5 to 28.5 µ and

provides broad-band imaging, coronagraphy and low-resolution slit spectroscopy.

Moreover, galaxy stellar-masses will also be more accurately determined via

measurement of the rest-frame optical and near-IR, which probe the older, redder

stellar populations. This would significantly reduce the current uncertainties in

stellar age and mass measurements and would result in finding reliable sample

of quenched galaxies at high-redshift. Furthermore, the ten most passive high-

redshift galaxies found in chapter 5 of this thesis will be ideal candidates for

follow-up imaging and spectroscopy with the JWST and the next generation of

extremely large telescopes.

Next, to probe the UV galaxy luminosity function down to even an order of

magnitude fainter than this study, deep samples of galaxies generated by the

JWST are required. Having this future exquisite data-set would allow me to

apply same analogous as explained in chapter 3 and study the UV galaxy LF

even at higher redshifts. This future multi-wavelength survey will be ideal

for investigating the abundance of galaxies at different epochs and studying

the escape fraction of ionizing-photons from these sources at high-redshift as

it can detect these first galaxies with an ultra-deep field of about 100 hours

per filter. Using near-infrared spectroscopy of the bright z > 7 quasars,

galaxies or gamma-ray bursts, JWST will detect the Gunn-Peterson trough and

patchy absorption that indicates the process of reionization. Furthermore, the

process of hierarchical merging, during which the dark matter, gas, stars, metals,

morphological structures and active nuclei build up to form the galaxies we see

today, can be studied via JWST. This instrument will conduct deep-wide surveys

of galaxies in the rest-frame optical and near infrared over the redshift range

1 < z < 6 with both imaging and spectroscopy. The microshutter array, which

provides multi-object near-infrared spectroscopy of ∼ 100 targets simultaneously,

will allow large samples of galaxies to be divided into bins of redshift, metallicity

and morphological structure.

Lastly, having checked the very recent Chandra 7Ms X-ray imaging does not reveal

detection of any more high-redshift AGN and doesn’t make a huge difference

on the evolution of the AGN UV luminosity function towards higher redshift.

Consequently, to have a complete closure about the contribution of AGNs to

the cosmic hydrogen reionization, future deep and wide-area surveys in X-rays

(e.g. Athena) and radio (e.g. SKA) are required. These data-sets would present

a remarkable improvement on calculations of the cosmic reionization rate and
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hence our understanding of cosmic reionization.
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Appendix A

Full set of SEDs and postage-

stamps of 100 galaxies at zphot > 3
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Figure A.1 The best-fitting spectral energy distributions and inserts showing χ2

versus photometric redshift for the 100 passive galaxies at 3 < z <
4.5. The sources are ordered by the identification number from the
HUDF12 catalogue created by Ross McLure.
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Figure A.1 (continued)

159



18

20

22

24

26

28

30

32

m
AB

02454

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

02789

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

18

20

22

24

26

28

30

32

m
AB

02866

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

03003

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

1000 2000 3000 4000 5000
 / nm

18

20

22

24

26

28

30

32

m
AB

03113

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

1000 2000 3000 4000 5000
 / nm

03363

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

Figure A.1 (continued)

160



18

20

22

24

26

28

30

32

m
AB

03505

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

03583

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

18

20

22

24

26

28

30

32

m
AB

03656

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

03672

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

1000 2000 3000 4000 5000
 / nm

18

20

22

24

26

28

30

32

m
AB

03705

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

1000 2000 3000 4000 5000
 / nm

03843

0 2 4 6 8 10
z

0
5

10
15
20
25
30
35
40

2

Figure A.1 (continued)
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Figure A.1 (continued)
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Figure A.1 (continued)
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Figure A.1 (continued)
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1Figure A.2 Postage-stamps of the 38/100 galaxies with a reasonable photomet-
ric redshift in the HST V606, J125 and H160 bands. Each stamp
is 20 × 20 arcsec with North to the top and East to the left. The
colour scale spans a flux-density range of ±2.5σ around the median
background. The position of these sources is marked by a circle of
radius 2 arcsec in each plot.
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1Figure A.2 (continued)
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[147] Le Févre O., et al., 2004, A&A, 428, 1043
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[278] Whitaker, K. E., Labbé, I., van Dokkum, P. G., et al. 2011, ApJ,735, 86

[279] Whitaker K. E.,et al., 2012, ApJ, 745, 179

[280] Whitaker, K. E., van Dokkum, P. G., Brammer, G., et al. 2013, ApJ, 770,
L39

[281] Wild V.,et al., 2009,MNRAS, 395, 144

[282] Wild V., et al., 2016, MNRAS, 463, 832

[283] Wilkins S. M., Bunker A. J., Ellis R. S., Stark D., Stanway E. R., Chiu K.,
Lorenzoni S., Jarvis M. J., 2010, MNRAS, 403, 938

[284] Wilkins S. M. et al., 2013, MNRAS, 435, 2885

[285] Williams R.J., Quadri R.F., Franx M. et al., 2009, ApJ, 691, 1879

[286] Willott C. J. et al., 2010, AJ, 140, 546

[287] Willott C. J. et al., 2013, AJ, 145, 4

[288] Windhorst R. A. et al., 2011, ApJS, 193, 27
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