
Chapter 1

Introduction

“There was a Door to which I found no Key
There was a Veil past which I could not see
Some little Talk awhile of ME and THEE

There seemed – and then no more of THEE and ME.”
—Omar Khayyàm

T he universe began as a hot and infinitely dense singularity. About 13.7 bil-
lion years ago this singularity expanded exponentially at first, and later more

slowly. The initial universe only contained energy. From this expansion, some en-
ergy transmuted into quarks, which later formed baryons and light atomic nuclei.
In due course, electrons became attached to nuclei for the very first time. Over the
subsequent 13 billion years these atomic nuclei have assembled into the objects that
surround us today such as stars, galaxies, and planets. As it expanded, the radiation
field cooled and the Universe became transparent to photons giving rise to the cosmic
microwave background radiation in which is encoded the composition of the entire
early universe. This PhD is about the energy produced by stars since recombination.

The evolution of the universe can be broken down into a series of critical phases
from the Big Bang to the present day. In brief:

• Singularity Event (The Big Bang event)
The Big Bang is the idea with which we explain the initial formation of the
Universe. About 13.7 billion years ago, all of the contents (e.g. space-time and
energy) were contained in a near infinitely dense and near infinite temperature
entity called the cosmic singularity. This epoch is named the Planck era and
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extends in time from 0 to approximately 10−43 seconds. During this epoch,
the Universe was highly unstable due to the extreme temperatures (T ' 1040

K) and density. At the end of this stage, however, a key event occurred
in which gravity split away from the four forces we know today (Gravity -
Electromagnetism - Strong and Weak nuclear forces) known as a “superforce”.
This superforce was later broken apart into the constituent four forces of nature
that exist today. As a result of this event, the hot dense singularity began to
expand and cool which led to the advent of the fundamental physical forces.
(Alpher & Herman, 1948, Copeland et al., 2006, Weinberg et al., 2013 and
Linder, 2005)

• Inflation
The inflationary epoch which followed was possibly caused by the separation
of the strong nuclear force. At this time, the universe was homogeneously filled
with an extremely high energy density. The universe then went through an
exponential expansion (Lemaître, 1931), lasting from 10−35 to 10−33 seconds
where the temperature of the universe dropped to T ' 1027 K. At this stage,
hot dense plasma as well as the elementary particles (e.g. electrons and quarks)
appeared distributed across the universe. (see Bucher et al., 1995, Vachaspati
& Trodden, 2000 and Ratra & Peebles, 1995)

• Electroweak Force
This epoch (lasted from 10−35 to 10−12 seconds), was initiated by the separation
of the strong nuclear force once the energy of the universe was above ' 250
GeV. This resulted in the production of the W, Z and Higgs bosons which
later on allowed the universe to support mass. Towards the end of this epoch,
the electromagnetic force and weak nuclear force detached and, henceforth, all
four forces proceeded independently. (see Bezrukov et al., 2009)

• Quark Formation
In the next stage, ∼ 10−12 seconds after the Big Bang, the universe was still
too hot (T ' 1016 K) and dense for most subatomic particles to form and
survive. However, the collision energies dropped to about 1 GeV. This allowed
the formation of stable quarks. (see Alcock et al., 1987)

• Hadron Formation
The Hadron epoch started ∼ 10−6 seconds after the Big Bang, when the uni-
verse was cooled down enough (T ' 1012 K) for quarks (from the previous
epoch) to bind together into Hadrons by forming protons and neutrons. Dur-
ing the very small fraction of a second after that (about 1 second after Big
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Bang), the proton and neutron underwent a significant change. They fused to
form a nuclei. (see Applegate & Hogan, 1985)

• Big Bang Nucleosynthesis
Big Bang Nucleosynthesis (BNN) is a narrow bottleneck in standard cosmo-
logical models, and it predicts the relic abundances of Helium and other light
elements. During first 1000 seconds after Big Bang, the temperature of the
universe fell below T ' 109 K driving the BBN process. At this stage, the
universe was opaque as everything was ionized and photons and matter are
coupled. BBN resulted in a production of the most common chemical ele-
ments, (i.e. Hydrogen, Helium and Lithium) through nuclear fusion. Based
on a density of baryons at the time of Nucleosynthesis, BBN predicts that
∼ 25% of the entire baryonic mass consists of 4He and ∼ 75% Hydrogen. This
driven by the neutron-to-proton ratio which critically depends on the time
between stable hadron formation and the start of BBN due to the neutron
half-life. BBN provided the first and only explanation for the high density of
4He observed in nearby stars. In terms of the density of matter at the present
day, the required density of the total baryons of the universe is only a few
percentage of the total mass density inferred from the motion of galaxies and
growth of structure and the reason why that baryonic matter (in all forms) can
not make up dark matter. (see Alpher et al., 1948, Liddle, 2003 and Cyburt
et al., 2016)

• Matter-Radiation Equality
After ∼ 104 years when the temperature of the universe cooled down to
T ' 3 × 104 K, the total energy density of matter and radiation became
equal. Photon energy dilutes faster than matter because of the stretching of
the photon wavelength. This is known as a matter-radiation equality where
the transition between a radiation to matter dominated universe which drives
the expansion at a slow rate. (see Peacock, 1999 and Mo et al., 2010)

• Recombination
In the first stage of matter era (' 3×105 years) the temperature of the universe
fell below ' 104 K which led to a phase transition from ionized to neutral
material. As a result of this, electrons became attached to nuclei and formed
atoms for the first time. This process is known as the Recombination epoch,
thermodynamically ionized plasma was forced to form neutral atoms. Binding
electrons to atom also caused the universe to be transparent to light, as photons
decoupled from the primordial plasma and thereafter continued to expand
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and propagate and evenly through the universe. This light is known as the
Cosmic Microwave Background (CMB) radiation and reveals the earliest epoch
observable today. In 1965, the CMB was discovered following the predictions of
Big Bang theory, by two radio astronomers, Arno Penzias and Robert Wilson.
The CMB is the most important confirmed prediction of the Big Bang, and
one of the foundations of modern cosmology (Penzias & Wilson, 1965). One
of the most prominent experiments was done by the COBE team (Schlegel
et al., 1998) who measured the black body signature of this radiation as well
as quantifying large scale anisotropies. Today via WMAP and Planck, the
CMB anisotropies and polarisations reveal evidence for inflationary cosmology
and, as a result, demonstrated the effect of quantum fluctuations which causes
variation in temperature across the inflation field. Eventually, the discovery
of the CMB awarded Nobel prize to Penzias and Wilson in 1978 and to the
COBE team in 2006.

• Reionisation
The Epoch of Reionisation (EoR) occurred (from ' 1.5 × 108 to 109 years)
after the Dark Ages as the neutral atoms formed into the first stars (Popula-
tion III releasing a field of UV radiation). The EoR, hence, refers to an era
where the neutral intergalactic medium was once again ionized this time by
the primary luminous sources, the first stars. This is known as the second
phase transition, when hydrogen gas moved from being completely neutral
to entirely ionised following the gravitational build-up of atoms to stars and
seeded by the underlying dark matter. At the end of EoR the universe was
composed of ionised plasma. This epoch corresponded to a redshift of ∼20 -
7. (see Trombetti & Burigana, 2018 and Finkelstein, 2016)

• Galaxy Formation Begins
Galaxy formation began ∼ 300 to 500 million years after the EoR phase as
gravity continued to bring clumps of dense cosmic primordial gas together.
These clouds started to collapse due to their gravity and as a result they be-
came hot enough to initiate nuclear fusion reactions through the formation
of stars (Population III). Larger stars burn out quickly exploding in massive
supernova events, their ashes forming subsequent generations of stars (Popula-
tion I). As large volumes of matter collapsed to form galaxies, subsequent grav-
itational attraction also started pulling the galaxies together to form groups,
clusters, superclusters and the filamentary structure. (see Mo et al., 2010 and
Binney & Tremaine, 2008)
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• Cosmic High Noon
The Cosmic High Noon epoch occurred approximately 3.5 billion years after
the Big Bang, when the rate of star formation reached its maximum level.
Cosmic noon (z ∼ 1.5 - 3) also highlights a period with a peak of galaxy,
luminous quasi-stellar objects (QSO’s) and , hence, supermassive black hole
(SMBH) formation as well as maximum dust production. The accretion rate of
gas which feeds SMBHs (which lies at the heart of a QSO) also caused strong
outflows reaching maximum strength at around z ∼ 2 (Hopkins & Beacom,
2006). It is believed that the role of mergers during Cosmic high noon was most
likely driven by regular galaxy-galaxy mergers which forced galaxy assembly
and fueled star formation. (Feldmann et al., 2016 and Pan et al., 2017)

• The Rise of Dark Energy
Dark Energy (Λ) is known as a hypothetical force which causes the expansion
of the universe to accelerate through its negative pressure (Perlmutter et al.,
1999). Standard model predicts that the dark energy since the mid-point of
the universes timeline dominates the energy budget of the universe. The dark
energy (or vacuum energy) is believed to be closely related to the cosmological
constant introduced by Einstein. As dark energy drivers matter apart through
an accelerated expansion of space-time, it acts as a cosmic brake to slowing
down the merger rate and the rate at which mass grows and stars form taking
us into Cosmic Dusk. (e.g. Peebles & Ratra, 2003 and The Dark Energy
Survey Collaboration, 2005)

• Today
The universe as it appears today has age of ' 13.7 Giga years while the tem-
perature of the original relic radiation that forms the CMB has fallen down
to its lowest value of ∼ 2.718 K. The Lambda Cold Dark Matter (ΛCDM)
(which is known as concordance cosmology) is the paradigm of the Big Bang
cosmological model which is based on the knowledge we have assembled so far.
Following detection of temperature differences in a large scale anisotropies
from the CMB, Wilkinson Microwave Anisotropy Probed satellite (WMAP;
Spergel et al., 2003) discovered that the energy density of the universe is very
close to the critical value (ρcrit = 9.2 × 10−27 kg/m3). The current ΛCDM

model predicts that the universe today is made up of 26.8% dark matter (non-
relativistic), 68.3% dark energy and 4.9% ordinary matter (baryons and elec-
trons) (Knop et al., 2003). The Hubble constant the records our current is
expansion rate is defined as ' 67.8 km/s/Mpc. Today, the outermost observ-
able radiations are CMB photons which emanate from an observable universe
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with a radius of ' 46 billion light years as a black body spectrum of T ' 2.7K

emitted at z ∼ 1100, and which covers the entire sky (Mather et al., 1994).
(Also see Hinshaw et al., 2007, Page et al., 2007, Cole et al., 2005 and Riess
et al., 2004). This is the science backdrop against which this thesis is set.

In general, understanding the history of the Universe at each epoch (as discussed
above) provides an insight into the formation and evolution of mass, energy, and
structure from the Big Bang to the present day. In particular, studying the radi-
ation history of the Universe allows one to probe the first stars, the first galaxies
and the epoch of reionisation. It also addresses critical questions such as: when and
how much energy was released by stellar nucleosynthesis or Active Galactic Nuclei
in each time interval; how energy propagates through the Universe over time; limits
on diffuse contributions to the EBL at different wavelengths; limits on any decay
of Dark Matter; and limits on matter anti-matter anhilation signatures. Figure 1.1
shows the picture of different stages in the evolution of the Universe since the Big
Bang event. This provides the backdrop against which we can now focus on, and
discuss, the evolution of energy production since the epoch of recombination the
theme of this thesis.

1.1 Our Universe

1.1.1 Olber’s Paradox

For more than a century the darkness of the night sky had bewildered astronomers.
This puzzle was called Olbers Paradox (Harrison, 1964) and was (re)formulated by
a German astronomer, Heinrich Wilhelm Olbers in the 1700s. Olbers realized that
in an infinite universe filled with stars, every direction would intersect a source of
light. So, he was perplexed as to why the sky was dark inspite of all the existing
light sources. The reason behind this paradox is that as we know Surface Brightness
in a static universe (i.e. Euclidean universe) is independent of distance (Bondi,
1961). Hence, lines of sight should always intersect a luminous source of comparable
surface brightness in an infinite, homogeneous and isotropic universe. In essence,
there are two resolutions to this paradox which makes it controversial in modern
cosmology: the finite age of the universe, and the expansion of light. The first of
which constrains the amount of light received by providing a light travel cut off time
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Figure 1.1: The Extra-galactic Background Light (EBL) denotes the sum of the
entire light from all resolved galaxies that have ever been produced. The figure
clearly shows the beginning of the EBL from the recombination epoch when the

first atom was created.

before which radiation sources simply did not exist while the second explanation is
directly linked to the redshift of the recession velocity of each galaxy (which also
implies a beginning). Olbers paradox was resolved by Edwin Hubbles discovery of
the expanding universe (Hubble, 1929) which in turn led to the adoption of General
Relativity in 1920s and the model described earlier (Friedmann, 1922 and Lemaître,
1927). Because of the expansion, the volume of the space is enhanced, driving down
the photon density, the photons from distant galaxies also undergo a redshift, and
there is implied distance or time limit all of which contribute to our dark night sky.
(Wesson, 1991 and Wesson et al., 1987).

Due to the expansion of the universe, the wavelengths of the hot, early photons have
been stretched over 1100 times longer than their original wavelengths. Hence, the
high-energy, luminous background of the early hot universe is today shifted to rela-
tively cool, microwave photons invisible to the human eye. Eventually, this luminous
curtain of light behind every star and galaxy has been imaged by special detectors
and unambiguously quantified, aboard the Planck Space telescope (Schlegel et al.,
1998; Planck Collaboration et al., 2016; and Planck Collaboration et al., 2014b).
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Detailed views of the cosmic microwave background light (fossil radiation from the
oldest light in the universe), and more precisely the history of the universe from the
first light ever produced are revealed by this telescope. It also represents what is
the most dominant portion of what is called the extragalactic background light or
EBL, the main topic of this thesis.

1.1.2 Background Light from Radio to Gamma

The extragalactic background light (EBL) is defined as the total flux received to-
day (nWm−2steradian−1) from all sources of photon production since the epoch of
recombination plus the Cosmic Microwave Background (CMB). The CMB compo-
nent, representing all prior photon production, was formed at recombination as the
temperature, pressure, and density of the Universe dropped to the point where the
nuclei and electrons combined to form atoms. (Hauser & Dwek, 2001; Cooray et al.,
2009; Driver et al., 2016c; Kashlinsky, 2006; Domínguez et al., 2011; Grazian et al.,
2009 and Inoue et al., 2013). These photons have been produced by stars, galaxies,
cosmic rays, active galactic nuclei (AGN), synchrotron emission and dust, arising
over the entire path length of the Universe (i.e. since ∼ 380,000 years after the Big
Bang). More generally, the EBL represents the luminosity of the universe. Under-
standing this energy is essential in astronomy as it encodes all energy production
pathways (i.e. all of astrophysics) (Hill et al., 2018). This energy production per-
vades across the entire electromagnetic spectra and is typically broken down into
wavelength ‘windows’ (see Fig 1.2). In this thesis, I would like to improve our mea-
surements and our understanding of the optical section of the cosmic background
where the main sources are coming directly from starlight. The cosmic optical back-
ground (COB) light is the second most important part of the EBL (after the CMB
described earlier) in terms of both photon density and integrated photon energy
(Zemcov et al., 2017; Matsuoka et al., 2012; Cooray et al., 2009). However, the
COB is one of the least-known components of the EBL spectra, primarily due to
the uncertainties in subtracting the intervening foregrounds. In fact, the CMB dom-
inates the energy distribution of the EBL by a factor of ∼40 times higher (∼960
nWm−2sr−1) than either the infrared or optical background. Both the COB and
CIB have approximately the same amount of contribution in the background light
(24 and 26 nWm−2sr−1 respectively; Driver et al., 2016c). Thus, the combination of
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Figure 1.2: A literature compilation of the extra-galactic background light from
radio wavelength (left) to gamma rays (right). Conventionally, we define the cosmic
background in separate wavelength ranges as Cosmic Radio Background(CRB),
Cosmic Microwave Background(CMB), Cosmic Infrared Background(CIB), Cos-
mic Optical Background(COB), Cosmic Ultraviolet Background(CUB), Cosmic
X-ray Background(CXB) and Cosmic γ-ray background(CGB). This figure was

extracted from Hill et al. (2018)
.

the IR and optical background light equates to ∼5% of the cosmic microwave back-
ground. Schematically, the energy distribution of the most intensive background
light has been shown in Fig 1.3 as a function of wavelength (and/or frequency).

1.1.3 Cosmic Optical Background light

The Cosmic Optical Background (COB) light is the second most energetic part of
the EBL driven by the fact that the optical light can be easily considered by the
ground-based telescopes. The emission from the optical background is the integrated
radiation from all sources (resolved and unresolved) beyond the Milky Way at op-
tical wavelengths (Zemcov et al., 2017). The dominant contribution of the COB is
derived from different wavelength ranges from 0.1 µm to 8 µm (i.e. technically the
UV to mid-IR) and arises directly from the stellar mass as stars within the galaxy
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Figure 1.3: Spectral Energy Distribution of the EBL for the cosmic optical
background (blue), cosmic infrared background (red) and cosmic microwave back-
ground (gray). The numbers define total intensity in the range of frequencies

and/or wavelengths. This figure is extracted from Dole et al. (2006)
.

population form and evolve over cosmic history producing photons via stellar nu-
cleosynthesis (Hauser & Dwek, 2001). In other words, the energy density of the
EBL is closely linked to the total baryon mass in stars over all time (Bernstein,
1999). There is however, a non-negligible contribution from photon production by
Active Galactic Nuclei (AGN)1 light which escapes from the host galaxy and radi-
ates through the inter-galactic medium (see e.g. Driver et al., 2016b and Matsuoka
et al., 2012). The optical background light peaks at 1 to 1.5 µm (see Fig 1.4) and
represents the old and young stellar population at low and high redshifts (z < 10)
respectively (Bernstein, 2007 and Santos et al., 2002).

The optical background radiation, therefore, encodes information about the entire
cosmic star formation history as well as the origin and fate of the very first stars
(Population III) responsible for reionisation at around the 0.1 to 1% level (Cooray
et al., 2009 and Dwek & Krennrich, 2013). Several comprehensive reviews discuss the

1Energy released associated with mass accretion onto the supermassive black hole
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emission from reionization sources and their contribution to the cosmic background
(Cooray & Yoshida, 2004; Kashlinsky et al., 2015; and Inoue et al., 2013). These
reasons make the COB one of the highly studied areas of the background light using
multiple techniques and facilities (ground and space-based telescopes). A significant
amount of diverse data at optical wavelengths have now been amassed characterising
this radiation. As a result, the COB region has the highest number of measurements
(with low individual uncertainties) compared to other regions (see the COB at Fig
1.2 but nevertheless 1.4) and show significant inconsistencies between measurement
techniques (Mattila & Väisänen, 2019; Hill et al., 2018 and Madau & Pozzetti, 2000).

1.1.4 Cosmic Infra-red Background light

The Cosmic Infra-red Background (CIB) light represents background emission at
wavelengths between 8 µm and 1000 µm (Lagache et al., 1999; Kashlinsky, 2006;
and Hauser & Dwek, 2001). In fact, the CIB is almost a secondary background in its
ultimate source originates at much shorter wavelength whereby a significant amount
of starlight is absorbed by dust in the host galaxies and later re-radiated in mid-IR
to far-IR, and forming the CIB. Hence, the COB and CIB are intimately linked and
both originate from stellar neucleosynthesis. The NIR part of the CIB (up to ∼ 10
µm) mainly reveals the stellar emission of the early universe. While the mid and
far-IR exhibits dust re-processed starlight and its evolution. As it can be seen in
Fig 1.4 the SED has a peak at 100 µm.

In spite of the significant progress in CIB studies, it is a challenging task to mea-
sure the IR portion of the cosmic background due to a large fraction of foreground
components.

1.1.5 Why so much scatter in the EBL measurements?

The COB EBL encodes information about the entire cosmic star formation history,
as well as the origin and fate of the very first stars responsible for reionisation and
constituting on the level of 0.1 to 1% of the total EBL (Cooray et al., 2009; Wind-
horst et al., 2018). The reasons above make the COB one of the most highly stud-
ied portions of the background light with tremendous potential to provide strong
astrophysical constraints on galaxy formation and evolution. Hence, due to this
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importance, there have been many attempts to measure the cosmic background ra-
diation over the entire EM spectra in order to detect photon intensity. As a result,
the COB region consists of the uncertainties associated with these measurements
(see Fig 1.2). These efforts are classified as direct (background sky brightness) and
indirect (counting galaxies) measurements which are probing various astrophysical
aspects.

As clearly shown in Fig. 1.4, the optical/NIR galaxy counts measurement is incon-
sistent with the interpretation of the deep-based direct estimates as tentative mea-
surements, but consistent as upper limits. As outlined in Bernstein et al. (2002b),
the key issue is robust subtraction of bright foregrounds such as the diffuse Galac-
tic light and the Zodiacal emission. On the contrary, we will show that the direct
measurements from deep space probes (e.g. Pioneer 10/11 or the New Horizon mis-
sion) agree much more closely with the integrated galactic light (IGL) estimates. It
would therefore seem that the likely issue is with the subtraction of the Zodiacal
light, which drops substantially as one moves outward in the Solar system, or po-
tential due to additional airglow contamination form the upper atmosphere.

Over the past few years, there has been a significant improvement in space-based
facilities (e.g. HST, Spitzer, IRIS, Gaia, WISE, and Herschel), as well as in ground-
based telescopes (e.g. ESO-VLT, Pan-STARRS, Subaru, and CFHT). In spite of
this, large fractions of contaminants in the direct measurement, generate noticeable
uncertainties and biases (e.g. Bernstein, 2007; Matsuoka et al., 2012; Mattila et al.,
2017a). The agreement between direct and indirect methods is highly significant
and controversial and a key for debate. The consistency in the CIB estimates are
over 75%, while in the COB the estimates disagree by a factor of 3-5. This has been
widely discussed in the literature and recent improvement in deep number counts
in NIR fields (Béthermin et al., 2012; and Magnelli et al., 2013), in combination
with wide-fields NIR photometry (Keenan et al., 2010; and Driver et al., 2016c) are
reinforcing their glaring disparity. Figure 1.4 shows the discrepancy in the optical
and near-IR between the IGL data from Driver et al. (2016c) (in cyan circles), and
the other EBL measurements which will be discussed here.

In addition, with the advancement of technology, new method has become successful
in constraining the EBL by probing of γ-rays from distant Blazars. In this method
the spectra of distant high energy objects is modified through the γ-γ absorption
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(Desai et al., 2017). Accordingly, this interaction also probes the very high energy
(VHE) EBL over a wide range of redshifts by studying γ-rays of different energy
levels. The remarkable advantage of this approach in comparison with the direct
estimation, is that the main foregrounds (Zodiacal light and galactic emission) do
not affect the path of VHE photons in the high-energy modes (MeV - TeV).

Below I discuss different types of EBL estimation in more detail.

1.1.5.1 Direct Detection

Direct measurement is the traditional technique to measure the diffuse sky emission.
This is based on detecting the absolute flux of the night sky and subtracting the
individual foregrounds with the help of photometry approaches. The main issue in
studying the COB from the inner solar system is the Zodiacal dust glow. This fore-
ground is initiated by the minuscule dusty fragments which reflect sunlight and form
the so-called Zodiacal Light (Leinert et al., 1981; Aharonian et al., 2006; Bernstein
et al., 2002a; May, 2007). The Zodiacal Light defines the brightest emission compo-
nent of the night sky and is detectable from UV to optical wavelengths. The spatial
fluctuation can be used to distinguish between the Zodiacal Light (ZL) and the EBL.
Over the past few years, the Infra-red Telescope in Space (IRTS; Murakami, 1997,
and Matsumoto et al., 1998) mission has investigated the absolute sky brightness to
provide a measurement of spatial fluctuations. This is due to a strict constraint on
resolving diffuse and faint sources which contribute to the NIR EBL. The impact
of the spatial fluctuation estimates the clustering properties of the resolved galaxies
(Kim et al., 2019; Kudoda & Faltenbacher, 2017). This was done for the two NIR
wavelengths (1.6 and 2.2 µm) at a large angular scale (from 0o to 20o which makes
the ZL be uniform) and as a result, the ZL was clearly distinguished from EBL
fluctuations (Kudoda & Faltenbacher, 2017).

In addition to the Zodiacal Light, the diffuse sky emission even measured from space
may also contain residual airglow (unless the observing platform is entirely beyond
Earth orbit), and also diffuse galactic light (DGL).

The Diffuse Galactic Light (DGL) denotes the combination of scattered light (which
is re-radiated as thermal emission) from interstellar dust grains and/or any line
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emission (Brandt & Draine, 2012). DGL is reviewed as a weak background radia-
tion from the UV to optical and it emanates from stars in the disk of the Milky Way
galaxy. Therefore, the DGL foreground varies with Galactic coordinates. Over the
past decades, there have been several attempts to derive a constraint on the DGL.
One of the first attempts was done by the Pioneer 10 and 11 missions over 1972
to 1974, to estimate reliable constraints on the EBL by mapping the whole sky at
two optical wavelengths (440 nm and 640 nm). Pioneer passed the asteroid belt,
and at a distance of 1 to 5 astronomical units (AU) away from the Earth (Hanner
et al., 1974; Toller, 1983). The DGL variation increased from the galactic pole to
the disk and was measured as 10 and 150 nWm−2sr−1 respectively. Subsequently,
the derived EBL had large uncertainties including both the photometric calibration
and in the star counts. The result was recently reviewed by Matsuoka et al. (2012),
the ZL was removed entirely from the background light, but the DGL has remained
uncertain due to a contribution of faint starlight from stars brighter than 6.5 mag.

The mean DGL spectrum was also previously measured using several facilities. For
instance, the LRS2 instrument on the CIBER3 (Arai et al., 2015), COBE-DIRBE4

(Sano et al., 2015), and AKARI (Tsumura et al., 2013a). The visible DGL spec-
trum estimations for these missions are consistent with each other5, and they all fit
an interstellar dust model derived by Zubko et al. (2004). Nevertheless, the DGL
uncertainties are estimated to be 20% (Matsuura et al., 2017; Arai et al., 2015).

Figure 1.5 shows components of the night sky brightness. The method for separating
the DGL and ZL+Airglow has remained challenging. The intensity of the DGL is 5
to 10 times larger than the EBL, while the scale for ZL and Airglow vary from 30 to
100 times (Mattila et al., 2012). These fractions can be time variable and so need
to be estimated for each observation.

As discussed earlier, direct EBL measurements need to be estimated by subtracting
and modeling, due to contamination of individual bright foregrounds to the EBL.
Equation 1.1, shows how to estimate the direct EBL measurement by subtracting

2Low Resolution Spectrometer
3Cosmic Infrared Background Experiment; (Zemcov et al., 2013); (Korngut et al., 2013);

(Tsumura et al., 2013b)
4Cosmic Background Explorer - Diffuse InfraRed Background Experiment (Hauser et al., 1998)
5Except for the AKARI mission that was consistent at longer wavelengths, larger than 1.8 µm.
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Figure 1.5: The intensity of a night sky (foreground sources) for the South
Ecliptic Pole at high galactic latitude (> 65o) as a function of wavelengths from
optical to microwaves. The curves show the contribution to ground-based obser-
vations. The Zodiacal Light (peaked around 10 µm) and Airglow (peaked around
2µm) contain a large fraction of diffuse sky emission. The Earth atmosphere is
opaque for wavelengths below 0.2 µm. It is excessively bright at 2 µm and higher

wavelengths. This plot is extracted from Leinert et al. (1998).

multiple foregrounds from the total sky brightness.

IModel = IAG + IZL + IDGL + IRE

IEBL = ITotal − IModel

(1.1)

where IAG, IZL, IDGL, and IRE are the brightness of the Air-Glow, Zodiacal light,
diffuse galactic light, and the residual emission respectively. Therefore, searching for
an optimised and well-established model to remove the foregrounds efficiently is an
important ongoing highest priority. For instance, COBE/DIRBE modeled the data
for the zodiacal light spectrum and interstellar dust grains distribution based on the
Kelsall et al. (1998) and Wright (1998) models. These models in addition to Zubko
et al. (2004) contain a cloud as well as asteroidal dust bands.
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NASA’s spacecraft New Horizon (Zemcov et al., 2017) is another successful mission
that has recently captured a very precise measurement of the cosmic optical back-
ground at (440 to 870 nm). Beyond the orbit of Jupiter (7.6 - 17 A.U.) New Horizons’
long-range reconnaissance imager (LORRI) observed the combined light of distant
galaxies. At this distance the sky background was free of Zodiacal Light. Accord-
ingly, the LORRI team applied bright star masking as well as required corrections
for the DGL, interplanetary dust and galactic extinction. After these data correc-
tion, an upper limit to the EBL was derived of λICOBλ = 4.7± 7.3+10.3

−11.6 nWm−2sr−1

with 2σ statistical and systematic errors.

1.1.5.2 Dark Cloud

Dark-cloud shadow is a recent method for the measurement of the EBL designed
to overcome these foreground contaminants by subtracting a sight-line to a dark
nebula from a low extinction sight-line. The assumption is that of the foreground is
similar it will be subtracted. This technique presents upper limits to the EBL and is
extensively discussed in the literature (Mattila & Schnur, 1989; Mattila & Schnur,
1988; Mattila & Väisänen, 2019). With a recent measurement of the EBL at 0.4
and 0.52 micron presented in Mattila et al. (2012) and Mattila et al. (2017a). As
shown in Fig 1.6, the dark nebula is observed at high galactic latitude (DEC > 30o)
where the star density is sufficiently low. The detected signal represents the EBL
brightness as well as the scattered starlight from a dusty surrounding area. If the
foregrounds are smooth then all the large contaminants (ZL) and the emission from
atoms and molecules in the Earths upper atmosphere, etc are removed. Hence, the
EBL is measured by estimating the difference in surface brightness between the dark
cloud and transparent sky when there is no scattered light caused by interstellar dust
(see Fig 1.4).

1.1.5.3 Very High Energy Astrophysics

Today, the very-high-energy (VHE) ground-based γ-ray observatories are well-designed
in a sense to detect the weak signal. The High Energy Spectroscopic System
(H.E.S.S; HESS Collaboration et al., 2018 and Aharonian et al., 2005), Major At-
mospheric Gamma Imaging Cherenkov Telescopes (MAGIC; MAGIC Collaboration
et al., 2008, and Albert et al., 2008), and Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; VERITAS Collaboration et al., 2011, Swordy, 2008
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Figure 1.6: The Dark Cloud schematic method. The EBL photons can pass
through the transparent line of sight although they are blocked by the nebula.

The figure is adapted from Mattila et al. (2012).

and Acciari et al., 2009) telescopes observe high energy photons. They catch faint
flashes of visible light produced when a very high-energy γ-ray (Energy > 100 GeV)
strikes the upper atmosphere. This creates a shower of fast-moving charged parti-
cles that emit a glow called Cherenkov Radiation6. In the VHE Astrophysics
approach, far distant very-high-energy γ rays (a few billions of times larger than
the energy of visible light) originate from the high-speed particle jet produced by a
galaxy’s supermassive black hole. It is then detected by the ground-based telescope
and its emission is captured. This detection is remarkable as it reveals information
about the EBL when the Universe was approximately half its present age. There-
fore, the γ-rays have been traveling for half the age of the cosmos interacting with
the COB part of the EBL. Therefore, high energy measurements can provide useful
insights through the collision of γ-ray and a lower-energy optical/NIR photon (e.g.
starlight), a pair of particles (electron and a proton) create (γ+γ

′ ⇒ e−+e+). After
this strike, the Blazars γ-ray signal is weakened. The farther gamma rays travel
the more likely it is for them to undergo this process, hence, more distant Blazars

will show a greater bend in their power-law spectrum.

6This is the visible radiation when the velocity of charged particles is greater than that of light
in the air. For more details see Degrange & Fontaine (2015)
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Figure 1.7: A literature cartoon of the effect of the interactions between the very-
high-energy γ-ray (∼ 1011 times more energetic than visible light) emanated from
a distant Blazar and the EBL photons. As can be seen, γ-ray gets attenuated
after this collision. The difference between the slopes of an observed spectrum
and de-absorbed γ-ray spectra illustrates the diffuse EBL. The higher the density
of the EBL photons, the more absorption there is. Consequently, more energy of
γ-ray is lost. Also, the lower the density of EBL photons the less absorption and

no change in spectrum. (Credit: H.E.S.S Collaboration)

The remaining γ-rays propagate towards earth and, eventually, interact in the upper
atmosphere, creating a particle cascade. These particles expel the Cherenkov light
which illuminates the ground and they are detectable via an optical telescope array.
VHE telescopes detect very low fluxes that are emitted in this regime. As the VHE
radiation is in the range of Gev or Tev and produced by particle accelerators, the
distribution of energy is non-thermal. The broadband spectral energy distribution
and the light curves of the γ-ray sources (synchrotron emission and Compton scatter-
ing) have been extensively discussed in the literature (Abdo et al., 2010; Knödlseder
et al., 2013; MacDonald et al., 2015; Fermi-LAT Collaboration et al., 2018; and An
& Romani, 2017).

Figure 1.8 shows a VERITAS spectrum with about a 10 standard deviation detection
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Figure 1.8: (Left) The EBL intensity as a function of wavelength and (Right)
gamma-ray emission spectra of a high-energy blazar extracted from Abeysekara

et al. (2015).

of the object which is at a redshift of about 1. It also shows the Fermi-LAT spectrum
during the flare (purple line) as well as the observed spectrum by the VERITAS
telescopes (black solid line). The solid gray line shows the spectrum corrected for
absorption from the EBL and the left panel shows the recovered EBL density as a
function of wavelength. The blue line shows the VHE limit for detection. It also
shows the result from every γ-ray Blazar detected and converted to an EBL limit.
Here, the lower limits (red arrow) are from the HST and Spitzer, is based on galaxy
counts which appears to suggest limited diffuse light sources.

Up to present, γ-ray observations, are considered as one of the most robust and
efficient ways to overcome foregrounds (e.g. Dole et al., 2006; Driver et al., 2016c;
Fermi-LAT Collaboration et al., 2018; Mattila & Väisänen, 2019; Driver, 2020).
Equation 1.2 characterizes the density of observed photons in an energy bin and at
a specific redshift for a Blazars spectrum, emitted by a high distance AGN toward
Earth and absorbed through pair creation. This equation is adapted from Biteau
(2013).

τ(E, z) =

∫ z

0

dl

dz
(z
′
)

∫ +∞

0

dεn(ε, z
′
)

∫ 1

−1

dµ
1− µ

2
σee(ε, E × (1 + z

′
), µ) (1.2)

where n(ε, z
′
) defines a density of photons, z is a redshift, E is the observed energy of

the γ-ray, µ = Cosθ, and τ represents the optical depth. Indeed, the first integration
defines distance in a flat universe. The second one shows the volume density of the
EBL photons in the energy bin between Eebl and Eebl + ∆Eebl. Finally, the last
term is a particle physics term which illustrates the cross-section for the interaction
photons (target photons and the γ-ray).
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1.1.5.4 Galaxy Count

Originally, faint galaxy counts had been known as a common technique to constrain
cosmological parameters (Hubble & Tolman, 1935), as this number count depends
on the geometry of the universe (Peebles, 1993). As a result, much time has been
dedicated to tackling this problem by determining a constraint on a cosmological
model. Effectively by measuring the volume as a function of redshift (see e.g. Driver
et al., 1996 using HST-deep fields count of elliptical galaxies or see Sanders, 2005).
The number counts of galaxies have also been used to investigating the evolution
of galaxies, evaluating the evolution of galaxy populations over time and to test
isotropy. Apart from that, the galaxy source count versus apparent magnitude in
a given direction has been extensively reviewed in the literature to study the faint
galaxies and their morphological properties. Consequently, observational progress
was made to interpret the evolution of faint galaxies (e.g. Driver & Windhorst, 1995;
Ellis, 1997; and Glazebrook et al., 1995).

In modern cosmology, galaxy counts are a useful tool to study the evolution and
formation of galaxies over a range of redshifts (e.g. Tyson & Jarvis, 1979; Mobasher
et al., 1986; Sandage, 1988; and Koo & Kron, 1992). Galaxy counts can also be
normalised and integrated to provide the total EBL from discrete sources in a single
waveband. However, it is well noted that this integrated galactic light (IGL) under-
estimates the EBL as it depicts the light-generating from resolved sources only (i.e.
IGL defines the entire photon flux from discrete sources). So, the IGL method does
not explain diffuse components or in general any unknown population of sources.
Therefore, formally the IGL represents a lower limits to the EBL intensity (Bern-
stein et al., 2002a). Furthermore, the contribution of faint unresolved galaxies to
the integrated galaxy light is hard to quantify. As a result, the slope of number
count reflects the down-turn at faint magnitudes (e.g., see the down-turn in our
source counts in Fig 3.26 at faint magnitudes and in various wavebands.). Driver
et al. (2016c) recently defined the IGL from galaxy number counts for 22 wavebands
from Far-UV to Far-IR by normalising the number counts by dividing the slope
(dlog(N)/dm) as 0.4 and integrates a smooth spline fit (see Fig. 1.9). Considering
the deepest imaging survey obtained by the HST, Madau & Pozzetti (2000) indicate
that faint end slopes at optical bands are flatter than the critical slope index defined
as 0.4. The critical slope index also suggests that the contribution to the IGL at the
faint end must be bounded and hence the integration converges.
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From the observational point of view (that will be discussed in Chapter 3 and 4),
the integrated galaxy light is obtained from galaxy number count and is defined as
below:

IGL =

∫
N(mag) × 10−0.4·magd(mag) (1.3)

Where N is the number of galaxies per magnitude bin (between m and δm). The
count is then scaled for the area covered, and appropriate uncertainty estimations
are applied (more on this in chapter 4). Driver et al. (2016c) has also discussed
possible sources of error including systematic and random.

By having sufficiently wide and deep photometric data, the EBL obtained from the
galaxy number count approach (indirect measurement) should converge to that from
direct estimations. The difference in the two methods can then provide constraints
on any unknown diffuse components (see Driver et al., 2016c).

Various deep astronomical surveys in recent years have improved their accuracy
to measure the number of galaxies (Driver et al., 2016c; Fazio et al., 2004; Cross
et al., 2001; Totani et al., 2001; Keenan et al., 2010). One of these remarkable
works is done by Madau & Pozzetti (2000) showing a robust deep galaxy count with
HST data examining the impact of the integrated galaxy contribution to the optical
background light. Figure 1.9 shows the consolidated number count from deep galaxy
counts in the multiple optical band-passes (U, B, V, I, J, H, and K), obtained from
the Hubble Space Telescope (HST) for deep fields (Williams et al., 1996) in the North
(HDF-N) and South (HDF-S) Galactic cap. The energy density plot (right panel)
also represents the total luminosity of the universe at each wavelength emanating
from galaxies or AGNs only. As a result, they estimated a surface brightness of 15
nWm−2sr−1 as a lower limit to the COB. In this thesis we work towards a significant
improved of the COB EBL using galaxy counts.

1.2 Modelling the EBL

The evolution and formation of galaxies over cosmic time is one of the most com-
plex processes which is driven by two main ideas: Firstly, the hierarchical growth of
the dark matter which motivates galaxies to be accumulated over cosmic time and
is directly linked to the redshift (Lacey & Cole, 1993). Secondly, baryonic physics
identifies the interaction between the evolution of gas and stars over time which is
dominated by star formation, feedback and the structure of the interstellar medium
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Figure 1.9: (left) galaxy number count per magnitude bin. (right) corresponding
contribution of counts to the EBL (integrated light of galaxies) per magnitude bin.

This figure is extracted from Madau & Pozzetti (2000).

(e.g. cooling processes - see White & Frenk, 1991 and McKee & Ostriker, 2007).
Therefore, the combination of these two topics results in the ability to model the
process of evolution of galaxies over the cosmic time (Neistein et al., 2012; Lagos
et al., 2019 and Baugh, 2006).

As the EBL represents the accumulated outcome of galaxy evolution over cosmic
history, it is a valid tool for testing different types of models. Indeed, due to an
importance of the EBL to quantify and describe the physics of galaxy formation,
efforts have been centered on constructing models using different complementary
methods (see Cowley et al., 2019). As a consequence, contemporary models should
be able to predict the EBL intensity and its evolution with time. Broadly speaking,
the models are currently categorized into two types:

• Semi-Analytic Simulation
The Semi-Analytic method takes advantage of analytic approaches in order to
address physical processes resulting from galaxy formation. This is performed
by constructing the synthetic observations of large statistical mock galaxies
and consequently comparing them with observations. This technique builds
upon an underlying dark matter N-body simulation, which generally resolves
galaxies, although the dynamic within galaxies is not resolved. Semi-analytical
models are now becoming robust enough to interpret the physical multiplex
process of the EBL evolution. Recently, Cowley et al. (2019) demonstrate
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predictions for the Cosmic Spectral Energy Distribution (CSED) evolution,
implementing the well-known semi-analytical galaxy formation modelling tool
(GALFORM; Cole et al., 2015). They showed more than 90% of the EBL
is produced at z < 2. Some recent Semi-Analytic studies for galaxy forma-
tion are as follow: GALFORM (Bower et al., 2006 and Cole et al., 2000),
Somerville et al., 2008 and the Model for the Rise of Galaxies and Active
Nuclei (MORGANA; Monaco et al., 2007).

• Phenomenological model
The Phenomenological method for galaxy formation is more based on using ex-
isting observations, and does not include a detailed description of the physical
process. Phenomenological models require limited number of free parameters
and are cheap and versatile but limited in scope. This helps to reduce the
computational processing time. In regard to the modelling of the EBL using
the phenomenological approach, two methods are addressed here: Forward
modelling which is based on an assumption (or estimation) of the stellar pop-
ulation synthesis, the Cosmic star-formation history (cSFH) and a universal
initial mass function (IMF). The forward modelling has been widely discussed
in literature’s. For example see Hopkins & Beacom (2006); Bruzual & Char-
lot (2003); Driver et al. (2013) and Charlot & Fall (2000). On the other
hand, Backward modelling implies evolving of observed properties of galaxy
populations over a range of redshift and backward in time after starting from
measurements of the local luminosity function (Franceschini et al., 2008).

Some recent studies are as follow: modelling the evolution of the COB and
CIB based on low and high redshift galaxy data (Franceschini et al., 2008);
modelling the EBL from the classification of galaxies by their Spectral Energy
Distribution (SED) fitting based over a wide range of redshift (Domínguez
et al., 2011) and the new synthesis model of the EBL from FIR to the γ-
rays radiation which is incorporated with the measurement of the quasars
luminosity function (Khaire & Srianand, 2015 and Khaire & Srianand, 2019).

In recent years, a new model is suggested by Driver et al. (2013) to study the
star formation histories for spheroids and discs following by the metallicity evo-
lution throughout the influence of galaxy morphology and stellar populations
of galaxies and attributes the cSFH (i.e. forward modelling). This model de-
fined empirically based on two main convictions: AGN activity traces spheroid
growth and spheroid formation dominates at high redshift. In order to con-
struct an empirical model, they estimated the cSFH, adopted appropriate IMF
across cosmic time, adopted the stellar population model and, finally, described
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that metallicity increases linearly with SF (closed box model). In Driver et al.
(2013) model, the SFH is dominated by spheroids at higher redshift driven by
merging effects (peak at z ∼ 4), while disk galaxies undergo star-formation
process as a result of infall of cold gas. This yields that star-formation history
is dominated by disk galaxies at lower redshift (peak at z < 1).

1.3 The Cosmic Star Formation History

It can be deduced that the EBL has a significant role to play in constraining models
of galaxy evolution. In this thesis, I will focus on constructing a phenomenological
model to explain the EBL and link it to a constraint the cosmic star-formation
history and global metallicity evolution. Currently, there are multiple approaches
to derive estimates of the universe’s star-formation histories and metal enrichment
histories. Here, I will highlight some of these significant approaches as below:

1. Direct Measurement
Spectral line emission is known as a good tracer of star-formation. When high-
massive stars are experienced SN explosions high energy photons are released
which ionises the surrounding gas giving rise to lines such as Hα[0/1] etc. It is
also possible to detect spectral line emissions at larger cosmic distance. Thus,
measuring these emission lines provide us with significant information to study
the star-formation. Over the past few years, Madau & Dickinson (2014) repro-
duced the star-formation rate density through the line measurement approach
and also broadband measurements of the direct UV light and re-radiated far-
IR light. Figure 1.10 presents the cosmic star-formation history obtained by
recent compilations of UV and IR dataset follow by the best fitting function
(shown by a solid line) as is described in Equation 1.4, where ψ(z) defines the
cosmic star-formation function and z shows the redshift. The model proposed
by Madau & Dickinson (2014) makes an assumption of having a Salpeter uni-
versal initial mass function (IMF) and they converted all luminosities in UV
and IR to instantaneous star-formation rate densities using appropriate factors
for both UV and IR. Figure 1.10 also shows that the star-formation history has
a peak at around z ∼ 1.9, rising at higher redshift and, accordingly, declining
exponentially at later times.

ψ(z) = 0.015
(1 + z)2.7

1 + [ (1+z)
2.9

]5.6
M⊙year−1Mpc−3. (1.4)

25



Figure 1.10: The evolution of cosmic star formation in the UV and IR. The solid
curve shows the best fit. This figure is extracted from Madau & Dickinson (2014)

Madau & Dickinson (2014) also presented the evolution of the global metallic-
ity over cosmic time as predicted by their SFH model assuming a linear growth
of models with stellar mass. Figure 1.11 shows the metallicity evolution at dif-
ferent epoch. The solid line displays the entire heavy elements of the universe
adopting Salpeter IMF.

2. SED Core Sampling
The core sample method is a measurement of the star-formation rate for dis-
tinct samples of galaxies observed at distinct epochs. These are combined
to provide a representation of how the galaxy population has evolved, but
critically depends on samples being complete and the ability to recover star-
formation rates and stellar masses at large distances robustly.

The SED core sampling technique presents the total star formation rate across
all galaxies as a function of time. This approach has primarily constructed
by measuring the SFRs of galaxy samples over a wide redshift range, and
has been recently done to z ∼ 5 by Driver et al. (2018) using a compilation
of the wide and deep surveys (GAMA; G10-COSMOS and 3D-HST) for a
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Figure 1.11: Mean metallicity of the universe adopted by the SFH model from
the mass of heavy elements (solid line). Data points are as follow: Mass-weighted
stellar metallicity from Gallazzi et al. (2008) (magenta square); IGM metallicity as
detect by CIV absorption from Simcoe (2011) (black pentagon); IGM metallicity
as detect by OV I absorption from Aguirre et al. (2008) (orange circle); density-
weighted metallicity of the Lyα absorption from Rafelski et al. (2012) (red pen-
tagon); mean iron abundance from Balestra et al. (2007) (green triangle). This

figure is extracted from Madau & Dickinson (2014)

sample of ∼ 600,000 galaxies. This was performed by adopting a Chabrier
IMF and through the Multi-wavelength Analysis of Galaxy Physical properties
(MAGPHYS; da Cunha et al., 2008). The outcome predicted the shape of the
SFR density which was in agreement with the result from Madau & Dickinson
(2014) recovering SMD replenishment. The uncertainty at each time interval
was estimated robustly (below 30%) (see Fig 1.12).

3. IFU Forensics
One of the modern ways of measuring the CSFR can be made by studying
nearby galaxies in detail essentially adopting archaeological or “forensic” tech-
niques. The forensic method represents a detailed study of the stellar popula-
tions within nearby galaxies to recover their past star-formation. This method
relies on a deep understanding of the evolution of stellar populations and our
ability to measure robust multiwavelength photometry from UV to far-IR for
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a representative sample of nearby galaxies.

Recently this has been done by Sánchez et al. (2019) (MaNGA survey) and
López Fernández et al. (2018) (CALIFA survey). In the first study, the
star-formation rate was extracted from a stellar population synthesis anal-
ysis (SFHSSP ) to sample 4000 nearby galaxies and reconstruct their historical
evolution across cosmic time. The cosmic evolution of the CSFR density and
stellar mass density histories from these archaeological methods are consistent
with the direct observation (Madau & Dickinson, 2014) and SED sampling
(Driver et al., 2018) with corresponding 1σ error for a wide range of redshift,
and with good accuracy up to z ∼ 2. The second study searched for a fossil
record of 366 nearby galaxies adopted from the CALIFA survey in order to
constrain a model for the SFH and later to map the cosmic evolution (see Fig
1.12).

The two methods (SED core sampling and forensic) are quite different and
consensus between the two provides confidence that our understanding of the
cosmic star-formation history is robust.

4. Very High Energy estimation
Another recent attempt is made by the Fermi-LAT Collaboration (Fermi-LAT
Collaboration et al., 2018) by determining the star-formation history through
reconstructing the evolution of the EBL over the range 0 < z < 6 by sampling
759 active galaxies and one γ-ray burst. In doing so, they adopted two individ-
ual procedures: deriving the SFH across cosmic time by trying to reconstruct
the UV emissivity and adopting a physical EBL model in order to estimate
optical depth (because of the EBL) from SFH. As a result, both approaches
agreed well and compared with the literature (see Fig 1.12).

5. EBL Constraints
Considering a close connection between the CSED and the EBL and galaxy
evolution, it is essential to obtain CSED and/or EBL predictions from the
phenomenological model. In this method, I will describe an analysis in order to
adopt the EBL constraints and renormalise all of CSFR curves and accordingly
reduce the spread between different measurements as described. This helps to
predict the evolution of metallicty following adopted SFH model.
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Figure 1.12: The evolution of the cosmic star-formation rate as a function of
lookback time derived from different approaches.

1.4 Aims of this Thesis

This thesis aims to construct an input catalogue for the WAVES survey and to use
the same data to measure the energy output of the universe produced by stars since
recombination. In addition, I will present an analysis to construct a phenomeno-
logical model that can explain the IGL EBL. Having an improved cosmic optical
background measurement, I will exhibit how to constrain the cosmic star formation
history. Accordingly, using an adopted cSFH I will aim to predict the global metal-
licity evolution.

1.5 Thesis outline

This thesis is designed and presented in three main chapters. Extra information
or plots are shown in appendixes. Chapter 3 will be prepared for publication once
the KiDS DR5 data is made available. Chapter 4 is presented as prepared for
publication. The actual data in this thesis is based on the final update on the
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VISTA VIKING and KiDS DR4 and the thesis has four main scientific goals as
follows:

• Data validation and quality control of the VISTA VIKING in preparation for
the WAVES input catalogue (Chapter 2)

• Constructing the WAVES input catalogue, followed by the star-galaxy sepa-
ration (Chapter 3)

• Measuring the Cosmic Optical Background light (COB) using the galaxy num-
ber count method obtained from the combination of wide and deep data set
(Chapter 4)

• To explore whether we can use the COB EBL to constrain the cosmic star
formation history and the metallicity evolution (Chapter 5)

Chapter 2 is presented as an interlude chapter primarily discussing existing NIR and
optical data from VISTA VIKING and KiDS surveys respectively and my part in
the quality control and selection of regions for re-observation of the low quality data
followed by the final VIKING data selection for the WAVES survey.

Chapter 3 demonstrates the development stages in order to prepare a photometric
analysis pipeline to deliver the WAVES input catalogue. Source extraction will be
performed based on a recent source finding code, called ProFound. I will introduce
an overview of this new package and will present the potential of having ProFound

extract full photometry from any target images. This will be followed by applying
the star mask flag and correction for galactic extinction. Accordingly, I will show
our adapted method to classify sources (e.g. stars, galaxies and ambiguous) based
on a decision tree algorithm. Data validation will be performed to highlight the
health of our input catalogue. Eventually, I will present the final star and galaxy
number-counts compared with the literature data.

Chapter 4 contains the main science goal of my thesis. In this chapter I will sum-
marise the recently processed data from various wide and deep datasets from GAMA
(as unfortunately the KiDS DR5 data is not yet complete over the entire WAVES
footprint), DEVILS-COSMOS and HST. By combining the galaxy number-counts
I will present our analysis for estimating the integrated galactic light (IGL) for the
optical EBL from summing the flux of all resolved sources (i.e. galaxies). I will
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aim to replace the bright and intermediate data with specific care with regards the
photometry to improve upon the previous attempt which was done by Driver et al.
(2016c). I then focus on improving the error analysis. So, I will exhibit the role of
each individual uncertainty to the COB in more detail. I will also compare our result
to the very high energy (VHE) analysis in order to predict the potential sources of
missing light.

Chapter 5 will finish by presenting the model to predict the COB and, as a result,
constraining the cosmic star formation rate (CSFR) and the global metallicity using
our model.

Ultimately, in Chapter 6 I will provide a conclusion for my thesis, and will describe
future work directions which follow the impact of new facilities on the EBL.
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Chapter 2

Existing Data

In this chapter, I will introduce the two ESO public surveys which are used through-
out this thesis; VISTA Kilo-degree Infrared Galaxy Survey (VIKING) and Kilo-
Degree Survey (KiDS). These provide the largest new census of galaxies in the
Southern sky that we work with. The combination of these two datasets will pro-
vide us data from which we will construct the WAVES input catalogue. In this
chapter, I primarily describe the facilities which are used by VIKING and KiDS
team in order to collect the data. My main contributions are as follows: First, qual-
ity assessment of the VIKING data. Second, data selection for re-analysis. Third,
final selection of VIKING data which will be used in the WAVES input catalogue.

2.1 The emergence of wide area sky surveys in As-

tronomy

Astronomical surveys, in general, have an indispensable role in our understanding
of the Universe. Recent large-area multi-wavelength astronomical surveys across a
wide range of the electromagnetic spectrum, provide us with a wealth of information
about the Extra-Galactic sky. In combination with cosmological redshifts, these sur-
veys map the large-scale distribution of galaxies. With the advent of new technology
in CCDs and the development of near-infrared detectors over the last two decades, a
new generation of multi-wavelength sky surveys is emerging. For instance, the Sloan
Digital Sky Survey (SDSS; York et al., 2000 and Abazajian et al., 2009), is a signifi-
cant contributor to our understanding of the universe. The Sloan survey consists of a
large 2.5 meters telescope, cataloging the distribution of luminous and non-luminous
objects in the universe. The 2dF Galaxy Redshift Survey (2dfGRS; Colless et al.,
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2001) is another large survey that measured redshifts for about 250,000 galaxies.
This survey showes that galaxies are distributed in filaments and voids spanning
about 500-600 Mpc. We also have the Wide-Field Infrared Survey Explorer (WISE;
Wright et al., 2010), the Galaxy And Mass Assembly (GAMA; Driver et al., 2011),
the 2 Micron All Sky Survey (2MASS; Skrutskie et al., 2006), the UK Infrared Deep
Sky Survey (UKIDSS; Lawrence et al., 2007), the Panoramic Survey Telescope, and
the Rapid Response System (Pan-STARRS; Kaiser et al., 2002). These panchro-
matic imaging surveys have over the last few years sampled the UV to far infra-red
(FIR) waveband ranges. Utilising these facilities, we are able to enhance our un-
derstanding of extra-galactic environments, by achieving high fidelity photometric
measurements from recent and upcoming multi-wavelength surveys. Here, we dis-
cuss the properties and characteristics of the VIKING survey which is one of the
main medium-deep near-infrared surveys over a large area of the sky. This allows
us to answer extensive scientific questions in Extra-Galactic Astronomy regarding
the evolution of the cosmic star formation rate (Madau & Dickinson, 2014), mea-
surements of the halo mass function (Eke et al., 2006), determination of the galactic
parameters e.g. stellar mass (Taylor et al., 2011) or dust mass (Dunne et al., 2011)
and other scientific results.

To begin with, I discuss the construction of the two optical/NIR imaging datasets
(VST KiDS + VISTA VIKING) from the ESO public archive in further detail.

2.2 The Visible and Infrared Survey Telescope for

Astronomy (VISTA)

2.2.1 The VISTA Telescope

The Visible and Infrared Survey Telescope for Astronomy (VISTA; Emerson &
Sutherland, 2010; and Sutherland et al., 2015), is a wide-field survey telescope con-
taining an infrared camera which is located at the Paranal Observatory in Chile (Fig
2.1). VISTA is operated by the European Southern Observatory (ESO) and started
working on December 2009. VISTA contains a 4.1-meter primary mirror across its
center and has been conducting several wide-area surveys since 2010, which cover a
large area of the Extra-Galactic sky. VISTA has a focal length of 12.1 meters and
a pixel size of 0.339 arc second. The mirror is of high-quality and it is the most
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Figure 2.1: VISTA telescope is a wide field near-infrared survey telescope located
at the Paranal Observatory, Atacama desert in northern Chile. (from Sutherland

et al., 2015)

highly curved of its size, and the construction of this mirror was a major challenge
(see Sutherland et al., 2015 and Doehring et al., 2004). The mirrors are coated with
a thin layer of protected silver to reflect the majority of near-infrared light in the
facility’s coating planes. The telescope is located in a dome near the ESO Very
Large Telescope (VLT). At the center of the telescope, there is a 3-tonne instrument
containing 16 special detectors sensitive to infrared light, with a combined total of
67 megapixels and a 13,000 mm f/3.25 mirror lens. This signature instrument is
equipped with a very large infrared camera called VIRCAM (VISTA Infra-red Cam-
era; Dalton et al., 2006), capable of imaging the sky with a field of view (FOV) of
1.65 degrees and wavelength coverage from 0.9 µm to 2.1 µm.
VISTA provides one of the widest sky coverages of any astronomical near-infrared
camera. The infrared camera has the ability to observe cool objects as well as ob-
jects at high redshift (Edge et al., 2013; Arnaboldi et al., 2007). The wide FOV
of the telescope along with the highly sensitive infrared detectors of its camera al-
low the VISTA to observe many millions of stars and galaxies. In addition, due to
VISTA’s impressive capabilities, VISTA’s large FOV allows nearby galaxy clusters
to be imaged in one sequence. Consequently, with the data generated from VISTA,
astronomers are able to map 4% of the entire sky.
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Figure 2.2: Left: The sixteen 2048×2048 pixel IR raytheon detectors in the
VISTA camera. The sixteen detectors are located alongside the X axis and Y axis.
Right: Photograph of the real VISTA focal plane. (Credit: www.vista.ac.uk)

The process with which the VISTA images are selected is important. Technically,
the sixteen 2048×2048 pixel infrared detectors (Raytheon VIRGO HgCdTe 0.84
- 2.5 µm) (Sutherland et al., 2015) have been distributed in a square next to each
other with significant gaps of 90% in the x-direction and 42.5% in the y-direction.
The real focal plane and a sketch of detectors location are presented in Fig 2.2. The
point spread function (PSF) of the VISTA telescope has been set to have a full width
at half maximum (FWHM) of 0.51 arc second.

The 16 non-adjacent images of the sky produced by the VISTA telescope with its
16 non-adjacent detectors are called VISTA paw-print images (Sutherland et al.,
2015). Each detector includes 2048 by 2048 pixels and the size of each array is 20
µm. By combining multiple paw-prints, the gap between detectors is filled. As
a consequence, six paw-prints (96 separate images in total) can be combined and
drizzled to form a single contiguous field known as a tile (see Fig 2.3) which is
the basic observing block using VISTA. Each of the VISTA’s filled tile images is
16k by 12k pixels and covers 1.475 by 1.017 degrees of the sky. Hence, each tile
corresponds to an area of 1.6 deg2. One notable feature with filling in the gaps
of the VIRCAM detectors is to ensure a uniform sky coverage. This is done by
adjusting the position offset in the x and y-directions, then repeated at the next
position. As each paw-print is comprised of many offset positions (∼ 15 arcsec)
they can help to remove the detector noise in later processing. In general, paw-

prints consist of various patterns of exposures at offset positions compared to the
reference position, called jitter, with approximately 15 to 30 arc seconds offsets.
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Figure 2.3: Combination of six individual paw-prints to make one tile.
(Credit: https://www.eso.org/public/images/)

This helps with the optimization of raw frames in later processing. A low percentage
of images (∼ 1%) obtained by VIRCAM are failed during further processing due to
ghosting, faulty transmissions, cloud and poor seeing conditions. Individually, poor
pixels by applying jittering and image stacking are mitigated. It is also well noted
that detector number 16 causes a problem that presents unstable flat-fields in some
filters (mainly Z, Y, and J). Table 2.1 presents the summary of the VISTA detectors
coverage.

2.2.2 The VISTA Kilo-degree Infrared Galaxy Survey (VIKING)

Over the past two decades one of the major transformations in observational astron-
omy has been the development of large systematic area sky surveys. The VIKING
survey is one of the most significant surveys in this area. Combined with good
archive access, sky surveys provide high quality and homogeneous data which as-
sist a wide range of research in astronomy. In general the current leading near-IR
extra-galactic surveys have been conducted by the VISTA telescope including VHS,
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Table 2.1: Summary of VISTA detector’s dimensions (in degrees). The conclu-
sion of all positions in X and Y directions in unit of degrees is presented. Ac-
cordingly, a single tile covers ∼1.5 degree2 of the sky by combining two out of six

individual PawPrint. (see Fig 2.3)

PAWPRINT
comment X Y Area
Single detector 0.193 0.193 0.193
detectors (4 × 4) 0.597
Unfilled space 1.292 1.017 1.314

TILE
comment X Y Area
Final size 1.475 1.017 1.501

VIKING, VIDEO and UltraVISTA, e.g. McCracken et al. (2013)). Some of which
focus on small parts of the sky for long periods to detect extremely faint objects,
while others probe the entire southern sky. The VISTA Kilo-degree Infrared Galaxy
Survey (VIKING; Edge et al., 2013) is a medium-deep near-infrared public sur-
vey constructed by VISTA that is imaging 1500 deg2 of two separated fields in the
north and south Galactic cap. VIKING is the intermediate of four major photomet-
ric surveys. The most shallow of surveys is the VISTA Hemisphere Survey (VHS;
McMahon, 2012) which covers a large area however with a shallower depth. Deeper
than VIKING is the VISTA Deep Extra-galactic Observations (VIDEO; Jarvis et al.,
2013) and the deepest is UltraVISTA (McCracken et al., 2012) in the COSMOS field.
VIKING covers the total extent of the Herschel-ATLAS survey (Eales et al., 2010)
in the Southern sky. The VIKING survey has 5 broadband filters (Z, Y, J,H,Ks)

from 0.85 µm to 2.3 µm, and extends approximately +1.4 mag deeper than the
Sloan Digital Sky Survey (SDSS; York et al., 2000) in optical (Z band), similarly
deeper than UKIRT Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS;
Lawrence et al., 2007) in infra-red (Y JHKs bands).

The use of VIKING data has been widely repeated in the literature. For instance,
it has been used to detect high redshift quasars (Findlay et al., 2012; Venemans
et al., 2013; Venemans et al., 2015) and examine the impact of the deep Z band
VIKING data on the detection of Low Surface Brightness Galaxies (LSBGs) in the
GAMA regions (Williams et al., 2016). One of the most significant applications of
the VIKING data (combined with KiDS) has been to study wide-field cosmological
weak lensing (Hildebrandt et al., 2018; Joudaki et al., 2019). Having deep optical
data in conjunction with deep near infra-red data set, specifically allow for the selec-
tion of both distant quasars and low mass stars. By classifying low mass stars and
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distant quasars in a color-color plot (Z −Y vs. Y − J), Edge et al. (2013) produced
a selection of L type and T type dwarfs.

VIKING also provides an overlap with other multi-wavelength surveys allowing one
to extract additional scientific results. For instance, VIKING has overlap with the
Galaxy And Mass Assembly survey (GAMA; Driver et al., 2011), a catalogue of
300, 000 nearby galaxies over 230 deg2 with imaging in 21 multi-wavelength bands
(including VIKING), which is being used to determine the structure and evolution
of galaxies over a wide range of wavelength at low redshift. In addition, overlap be-
tween VIKING and the Wide-field Infrared Survey Explorer (WISE; Wright et al.,
2010) provides us a wealth of information to study and detect extremely obscured
Active Galactic Nucleus (AGN) from the combined photometry. Although it is fairly
straightforward for AGNs to be observed from WISE photometry, it is difficult in
optical wave-bands as they appear extremely faint. Thus, NIR data such as VIKING
is important to act as a bridge (Edge et al., 2013).

2.2.3 VISTA Data Reduction

Over the past few years, VISTA generated several hundred gigabytes worth of data
(∼300 GB) for every night of observing. The data was transferred to the ESO Sci-
ence Archive Facility (ESO SAF) center in Germany. Then they were sent to the
UK for further processing, such as preparation, quality control, photometric and as-
trometric calibration, data handling, and scientific assessment. The VIKING team
employed the VISTA Data Flow System (VDFS; Emerson et al., 2004) for data
reduction and pipeline processing as well as data management. VDFS is a collabo-
ration between two UK nodes; The Wide Field Astronomy Units (WFAU1) located
in Edinburgh who is responsible for providing an astronomical survey accessible to
the public and the Cambridge Astronomy Survey Unit (CASU2; Lewis et al., 2010).
CASU is responsible for the development and design of the pipeline data reduction
for the VIKING NIR imaging data. The WFAU team combined PawPrints into
a single tile, and the VIKING team is responsible for oversight of the processing
of all data obtained by VISTA. Figure 2.4 shows how the raw data from the VISTA
telescope, gathered over the nights of observation, is progressed, quality controlled,

1https://www.roe.ac.uk/ifa/wfau/
2http://casu.ast.cam.ac.uk
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Figure 2.4: A schematic of the Visible and Infrared Survey Telescope for Astron-
omy (VISTA) Data Flow System. The raw data sent to the European Southern
Observatory (ESO) to store in discs. It then sent to the Cambridge Astronomy
Survey Unit (CASU) and the Wide Field Astronomy Units (WFAU) in UK for the

purpose of data reduction and archiving, respectively.

calibrated and archived.

2.2.3.1 The VISTA Data Flow System

The data reduction pipeline is built, maintained and operated by the VDFS team and
as mentioned above is broken down into two separate sections: pipeline processing
and science archiving. The CASU team is managing and processing the data pipeline
which is comprised of the following elements:

• Sky background tracking over the image mosaic
• Stacking of frames including dithering and tiling
• Measuring nightly extinction
• Producing bolometric and smooth photometric calibration
• Conducting Data Quality Control (DQC)
• Constituting FITS headers with an appropriate WCS3

• Generating catalogues of viable sources
• Providing meaningful errors for all generated parameters

At this point the data is passed from CASU to WFAU who perform the followings
steps:

3World Coordinate System
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• Routine reduction including:
– bias subtraction
– dark subtraction
– flat fielding
– linearity correction
– background assessment

• Processing PawPrints and combine them into tiles (TILING)
• Providing multi-colour source lists
• Photometric Zero-Point correction
• deriving of stellar proper motions
• Regular photometry in the same region of the sky
• generating new mosaics or stacked images
• QC operation
• Producing matching tables in order to compare with other catalogues e.g.

SDSS and 2MASS
• Release to ESO and publish via ESO and WFAU websites

2.3 The VLT Survey Telescope (VST)

2.3.1 VST Telescope

The VLT Survey Telescope (VST; Capaccioli & Schipani, 2011) is an optical ground-
based telescope installed at ESO’s Cerro Paranal Observatory, Northern Chile (Fig
2.5). VST like VISTA is also designed for wide-field optical imaging and observations
finally commenced in October 2011. VST contains a primary mirror of 2.6 meters
diameter and 14 cm thickness and was purpose built to conduct optical wide-field
surveys. OmegaCAM (Kuijken, 2011) is the wide-field imaging instrument installed
on VST, and constitute a 268 Megapixel camera made up of 32 individual CCDs
distributed in a mosaic which provides a 1◦ ×1◦ field of view4. OmegaCAM’s focal
plane is hence made of an array of 32 2048×4096 pixels CCDs with a minor gap of 25
and 85 arc seconds between adjacent CCDs, producing 16k×16k pixels with a pixel
scale of 0.214 arc seconds per pixel, VST allows one to observe a sufficiently large
patch of the galactic sky in the optical range of the EM spectrum with a very uni-
form point spread function5. VST/OmegaCAMs high spatial resolution is designed

4This field-of-view is equal to the two full moons approximately.
5The uniformity PSF for i band is not as clear as other bands.
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to take advantage of the superb atmospheric condition of Paranal in the best seeing
condition to provide high-quality image. This is optimised for the main scientific
goal of weak lensing.

Alongside the primary mirror at the centre of the telescope, VST has a secondary
mirror which is made of a crystalline ceramic material called Sitall (93.8 cm di-
ameter and 13 cm thickness). The secondary mirror reflects light from the primary
down on to the focal plane. Active optic system controls continuously monitor the
shape and position of the two main mirrors, as a result the mirrors are kept posi-
tioned in a consistent way. VST/OmegaCAM also utilizes dithered-observations for
each field (u, g, r and i) to overcome detection gaps. This results in having 5 dithers
in g, r and i filters and 4 in u bands. Systematically, these dithers have been ar-
ranged in the form of a staircase alongside X (25 arc seconds) and Y (85 arc second).
This technique ensures full covering of the entire tile region (by sub-exposures) and,
consequently, allows OmegaCAM to remove holes in the KiDS images as much as
possible by covering over the internal CCD gaps. As a result, the final footprint tile
is slightly larger than a square degree (∼ 61.9 by 65.4 arc minutes in u band and ∼
62.3 by 66.8 arc minutes in g, r and i filters) with each point sampled by a minimum
of 3 exposures. For more details on the technical aspects of VST please refer to de
Jong et al. (2013).

2.3.2 The Kilo-Degree Survey (KiDS)

The Kilo-Degree Survey (KiDS; de Jong et al., 2013) is an optical imaging survey
covering 1350 degree2 of the sky in four bandpasses (ugri), utilising the OmegaCAM
wide-field imager on the VST6. KiDS is able to provide 1 deg2 field of view and high
spatial resolution pixels of the focal plane array. KiDS is designed to provide a
widely uniform image quality over the full field of view. In terms of observation,
KiDS is one of the most extensive public surveys which is being conducted on VST.
KiDS covers ∼4% of the entire extra-galactic sky to a depth ∼2 magnitudes deeper
than SDSS and at quadruple the spatial resolution. The survey follow the VIKING
footprint and hence also consists of two main separate patches in the northern and
southern Galactic caps. The Northern patch overlaps with the SDSS and GAMA7

6Apart from KiDS, there are other surveys using VST such as ATLAS (Shanks et al., 2013),
covering 5000 deg2 in Southern sky and VST Photometric H-α survey (VPHAS; Drew et al., 2014)
in the Southern plane.

7GAMA survey covers 230 deg2 of the galactic sky in five main regions referred to as G02, G09,
G12, G15, and G23. Mainly, four out of five GAMA regions overlap with the KiDS survey.
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Figure 2.5: VST is an optical wide-field telescope located at the Paranal Ob-
servatory in the Atacama Desert of northern Chile and operated by ESO since
2011. VST has been designed to survey the sky in visible light. OmegaCAM is
situated at the heart of the telescope and contains 32 CCD detectors. VST and
OmegaCAM together are able to obtain a high quality angular resolution. (Credit:

www.eso.org)

surveys and is located on the celestial equator and is also subdivided into two parts.
The first of which overlaps with the GAMA G12 and G15 regions and starts from the
right ascension (H:M:S) of 10:22:00 to 15:54:00 and ∼8 degrees (D:M:S) wide (∼625
deg2). The second patch overlaps with the GAMA G09 region starting from the
right ascension of 08:34:00 hours to 09:26:00 hours and is 5 degrees wide (∼65 deg2).
The Southern region is located in the South galactic pole and covers the GAMA G23
region8 and is matched with the Southern part of the 2dFGRS (Colless et al., 2001).
It starts from the right ascension of 22:02:00 to 03:30:00 and 10 degrees wide (∼742
deg2). Table 2.2 displays KiDS final coverage and celestial equator location. Figure
2.6 displays the entire KiDS footprint in compare with the GAMA fields. Each
square in the plot represents a ∼ 1 deg2 tile. The overlaps with GAMA regions is
shown with dashed lines.

Table 2.3 provides information about observational constraints on KiDS pass-bands.

The primary scientific goal behind the design of the KiDS survey is to map the
large scale mass distribution in the Universe via weak lensing. This will improve our
understanding of: dark energy, the structure of galaxy holes, the evolution of galax-
ies and clusters, stellar streams, the galactic halo and proper motions. VST-KiDS

8except some missing frames in G23
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KiDS DR4 final coverage
field RA DEC Full Area

(H:M:S) (D:M:S) (deg2)
KiDS North I 08:34:00 - 09:26:00 -02:00:00 - 03:00:00 65
KiDS North II 10:22:00 - 15:02:00 -04:00:00 - 04:00:00 559.5
KiDS North III 15:02:00 - 15:54:00 -02:00:00 - 03:00:00 65
KiDS South 22:02:00 - 03:30:00 -35:30:00 - -26:30:00 635.1

Table 2.2: KiDS DR4 field positions and area coverage.

Figure 2.6: (Top) The final KiDS region highlighted in green besides the GAMA
fields in orange squares. (Bottom) Final footprint of the VST KiDS data distribu-
tion in the r band from DR4 as shown in orange squares. GAMA fields are shown
in red squares presenting G09, G12, G15 in the North and G23 in the South region.
Note that KiDS also covers an additional very small patch in the Northern region

centered at RA: 150 and DEC: 2.2 indicating the COSMOS field.
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Filter Exposure
Time (sec)

Mag limit
(AB 5σ)

PSF FWHM
(arc sec)

Airmass Dithers

u 1000 24.2 1 1.2 4
g 900 25.1 0.8 1.6 5
r 1800 25.0 0.65 1.3 5
i 1200 23.7 0.85 2.0 5

Table 2.3: Observational restrictions based on KiDS DR4 survey for u, g, r and
i filters. Full-width-half-maximum (FWHM) of the point-spread-function (PSF)
presents resolution and seeing of any measured images. Magnitude is in the limit
of 5σ and has been measured in AB system in a 2 arc second aperture. Note that
i band result has low quality compared to the other bands, as most of the frames
in this band have been taken once the moon was above horizon. Sky transparency

reported as Clear over observation nights.

alongside of other weak lensing surveys such as CFHTLS (Heymans et al., 2012),
Pan-STARRS (Chambers et al., 2016), and the Dark Energy Survey (DES; The
Dark Energy Survey Collaboration, 2005) are provide the first weak lensing recon-
structions of the dark matter distribution across large volumes of the extragalactic
sky in terms of both area and depth. In addition, the combination of the longer
complementary wavelengths from VIKING along with the baseline KiDS survey,
will help us also improve our understanding of galaxy evolution (Roy et al., 2018),
galaxy environment (Brouwer et al., 2016), galaxy morphology (Kelvin et al., 2018),
searching for galaxy clusters (Maturi et al., 2019), galaxy group properties (Jakobs
et al., 2018), searching for quasars (Nakoneczny et al., 2019) and many other science
topics.

2.3.3 KiDS Data Reduction

The main tool to analyse and process KiDS public data is through a virtual sur-
vey system. Astro-WISE, is a new archive scientific pipeline for Astronomical
wide-field images and opens-up massive datasets to the public. The data volume
products that have been produced by the KiDS survey consist of ∼ 100,000 sources
per square degree and more than∼ 150 million sources over the total coverage. Thus,
Astro-WISE pipeline is designed (through a Python web interface) to develop in-
formation for science purposes. It is a consortium of several institutes in Europe
and beyond to specifically analyse data from the astronomical optical wide-field im-
ager, OmegaCAM on the VST. The archive includes ∼ 10GB of image data and
∼ 15TB images over the full survey area. Astro-WISE is a combination of both
software and hardware environments which archive all results from pre-processing
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data for further analysis such as calibrating, optimising and performing. Being a
public survey, Astro-WISE enables different users to have easy access to the care-
fully calibrated data and share their scientific results. The main data processing
which is done by Astro-WISE consists of photometric image calibration, image
stacking, and cataloguing. Besides these operations, Astro-WISE is also respon-
sible for data management as well as data quality control, from the initial (raw
data) to the final (generating catalogue). Thus, this leads the Astro-WISE team
to publish and archive processed data. Furthermore, advanced data processing has
been achieved through using lensing techniques for KiDS images. These techniques
have developed better and more refined results, which have led to the production
of a high-level database. More specifically, the final data processing of KiDS survey
which is performed by the Astro-WISE pipeline in each tile and for each filter, is
broken down into the following main steps:

2.3.3.1 Image de-trending

Primarily, raw data obtained by the observation needs to be modified and trimmed
as below:

• Cross-talk correction between OmegaCAM’s CCDs
• De-biasing
• Flat fielding
• Illumination correction in order to remove ghosting reflections around bright

sources
• De-fringing in i filter
• Poor pixel masking (hot, dead or saturated pixels due to cosmic rays, etc.)
• Removing satellite tracks on individual CCDs
• Background subtraction

2.3.3.2 Photometric and Astrometric calibration

An absolute photometric calibration over the full KiDS survey uses standard field
observations as well an overlap with other surveys. In this way, zero-points are
measured and then calibrated for each CCD and for every night of observation.
The photometric calibration (in AB magnitude system) takes advantage of a fixed
aperture (∼ 30 pixels) in order to compare with SDSS DR8 PSF magnitudes in the
North and 2MASS in the South for all filters. The next step is combining the dithered
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frames for each tile in all bands. This process takes advantage of the overlapping
sources over dithered exposures, to determine and apply photometric differences.

The data produced by the survey is astrometrically calibrated using the SCAMP

(Bertin, 2006) software package to compute the astrometric solution. The astro-
metric calibration is with respect to the 2MASS Point Source Catalogue (2MASS -
PSC; Skrutskie et al., 2006). Finally, SWarp (Bertin et al., 2002) is used to make
co-added images for a tile and placing the final astrometrical calibration onto the
WCS standard.

2.3.3.3 Masking of bright objects

All re-sampled and co-added images produced by the previous steps now need an
accompanying mask to highlight good and bad regions so the final source catalogue
can be free of any sources which cause contamination. This process is done by an
automated pipeline to detect and classify artefacts (e.g. saturated pixels, ghosting
halos, spikes, etc.). It then constitute a star mask for each image, the mask will also
flag pixels in CCD gaps or dead pixels with zero weight.

2.3.3.4 Source finding

The source lists of detected objects in the KiDS archive contains both single-band
and multi-band catalogues. A single-band u, g, r and i source list is constructed
as a single catalogue for a single tile derived from co-added images obtained by
Astro-WISE, while the multi-band catalogue is constructed using the existing op-
tical bands plus NIR bands from the VIKING survey (ugriZY JHKs). The goal of
the multi-band catalogue is to improve the quality of photometric redshift measure-
ments. In doing so, KiDS performs the detection using the Source Extractor

package (Bertin & Arnouts, 1996). This is achieved by measuring the FWHM and
PSF FWHM of all detected objects. Source Extractor also applies background
subtraction and cleaning of viable extracted sources. To obtain a multi-band cata-
logue, Source Extractor is then rerun four times in each filter (u, g, r and i)
for each tile. Due to the high image quality of the r band, detection has been made
based on this band (Kuijken et al., 2019).
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Figure 2.7: Summarising the data reduction and image analysis for the KiDS
survey using Astro-WISE pipeline.

2.3.3.5 Star-galaxy classification

Effective discrimination between the stars and galaxies for the KiDS catalogue is
obtained based on the Source Extractor CLASS-STAR and signal to noise
(SNR) parameters in a parameter file that uses an inbuilt neural network pipeline
as a classifier. This provides robust tool for separation between stars and galaxies.

Figure 2.7 outlines the data analysis and image processing as used for the KiDS
survey using the Astro-WISE pipeline. More information on the data processing
and calibration can be found in the reference papers for KiDS DR1/2 (de Jong et al.,
2015), DR3 (de Jong et al., 2017) and DR4 (Kuijken et al., 2019).

2.3.4 KiDS DR4 Final Status

Currently, the KiDS team has completed and published four data releases (DR),
covering 1011 deg2 survey TILEs in the ugri bands. The first data release included
a total of 50 tiles and was issued as KiDS-ESO-DR1 in July 2013. KiDS DR1
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contained lists of source detections in each of four bands for data collected in the
first year of observation (October 2011 - September 2012). In the second data release
(KiDS-ESO-DR2) which was published in February 2015, the observations were
partially completed (October 2012 - September 2013) and a total of 98 tiles were
observed. The second public data release of KiDS (DR2) hence presented a source
detection catalogue which used multi-colour photometric. This was based on 148
tiles.

KiDS aims to cover 1350 deg2 of the extragalactic sky at the end of its mission in
the North and South parts and aligning with the VIKING survey. This includes
∼650 deg2 and ∼700 deg2 in the North and South Galactic cap respectively. KiDS
DR4 finished 4-filter observation in January 2018. Half of this data originated from
after mid-2015. With over 1000 deg2, KiDS-ESO-DR4 is now publicly available.
Figure 2.8 shows the final footprint of KiDS-ESO-DR4 survey tiles used in this
work in ugri bands.

The photometric quality that has been applied to the KiDS data has two aspects:
Uniformity of each tile and the final quality control for each tile across all filters.
As KiDS-ESO-DR1/2 have a discrete distribution of tiles, photometric homoge-
nization for all data products was unsustainable. The KiDS team decided to revise
the DR4 in terms of re-calibration of the photometric zero-points, re-observing gaps
in the data and replacing low-quality data. The KiDS team also provided supple-
mentary calibration tying the VST KiDS DR4 catalogue to GAIA DR2 photometry
in the g band, to provide the final revised calibration (see Kuijken et al., 2019).
Each TILE, therefore, includes an initial zero-point calibration (PHOTZ) and an
additional zero-point offset (DMAG), and both FITS keywords are required in order
to obtain flux calibrated measurements. Hence, KiDS DR4 final catalogue con-
sists of a complete re-analysis of all available data. This procedure is performed
through improved pipeline and procedures. The dust extinction correction has al-
ready been applied to the DR4 catalogue and many artefacts are entirely removed
at the sub-exposure level. KiDS-ESO-DR4 also contains weight and mask images.
KiDS-ESO-DR4 also reduced the deviated light outside of the FOV of the camera
in order to improve image quality.
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Figure 2.8: Sky distribution of the KiDS DR4 in u, g, r, i bands. The updated
catalogue is targeting around 1000 deg2 of extragalactic sky in the north and south
and overlaps with the existing VIKING survey. GAMA regions (G09, G12, G15

and G23) are displayed in dashed lines.

2.3.5 KiDS Data Accessibility

Data products from the KiDS survey are publicly available via three main gate-
ways: The KiDS website9, ESO Science Archive Facility (SAF)10 and the Astro-
nomical Wide-field Imaging System for Europe (Astro-WISE; Valentijn et al.,
2007) archives. The ESO SAF is responsible for publishing and distributing data
products from the KiDS survey. ESO users are allowed to have access to, and can
download the data catalogues as well as download the stacked images. FITS files
in this archive are in the format of KiDS_DRV.V_R.R_D.D_F_TTT.fits, which
present the version of data release, right ascension, declination in J2000, filter and
data type respectively.

2.4 Selection of VIKING fields for reobservation

VIKING observations were officially finalised and completed in May 2018. In the
final year of the survey, as described, we went through rigorous processing of the
VIKING data to ensure it meets a high-quality standard. Poor quality PawPrints

9http://kids.strw.leidenuniv.nl/
10http://archive.eso.org/cms.html
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in each filter were identified as well as any failures found by the CASU pipeline. Here
I now describe my direct contribution in quality control, re-observation procedure
and the final VIKING data selection which is used in the input catalogue for WAVES,
one of the next generation spectroscopic surveys (Driver et al., 2019).

2.4.1 Zero-Point re-scaling

Following the steps discussed previously, VIKING data is science ready to be down-
load from the Wide Field Astronomy Unit (WFAU)11. It is important to intercept
the raw data from WFAU before it is merged into Tiles. The reason we do this
is because one can not remove the sky background accurately once it is combined
into a Tile but this needs to be done on a detector by detector basis. In total,
we use wget to download 3TB of data. These downloaded data are stored as Rice

compressed multi-extension FITS. The header of FITS frames consists of key in-
formation such as the World Coordinate System (WCS) (i.e. Right Ascension and
Declination), PawPrint names, filter name, exposure time, airmass, extinction and
photometric zero-points. In addition, for each detector we look to measure the sky
background, background RMS and the seeing using Source Extractor (Bertin
& Arnouts, 1996) and PSFExtractor (Bertin, 2013) respectively. The imaging
FITS files have the naming convention in the format of vDATE_NNNNN_st.fits
where DATE defines a date of observation (YMD) and N is a five digit number, e.g.
v20100211_00254_st.fits. Having downloaded the VIKING data we now pre-
process the data to enable scaling onto a homogeneous common zero-point of 30 (i.e.
mag = -2.5log10(AOV) + 30). During this re-scaling process we measure and add
derived parameters into the header i.e. multiplier, background, background root-
mean-square (RMS), seeing and threshold. Below, I summarise the steps taken for
each tile:

1. Separate Rice lossless compressed (as it is used for processed imaging data)
multi-extension FITS12 files to the individual FITS frames, i.e., 1 FITS file per
detection

2. Read the extinction, exposure time, airmass, and zero-point
3. Determine the multiplier readed to scale the data to an absolute zero-point of

30 following equation 2.1, and including Vega to the AB magnitude
11https://www.roe.ac.uk/ifa/wfau/
12Flexible Image Transport System (FITS) is an open standard defining a digital file format

useful for storage, transmission and processing of scientific and other images. FITS is the most
commonly used digital file format in astronomy. (www.fits.gsfc.nasa.gov)
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4. Run SExtractor to find stars and determine sky background and sky-RMS
levels

5. Run PSFExtractor on detected stars to determine seeing
6. Write new parameters into FITS header
7. Write out data
8. Assemble a catalogue with summary information for all detectors

ZPnew = ZP − 2.5log10(
1

T
)− Ext× (AM − 1) + V_AB

Multiplier = 100.4(ZPnew−30)
(2.1)

where ZPnew is the re-scaled zero-point, ZP is the original zero-point, T is the ex-
posure time, Ext is the extinction, AM is the air mass and V_AB is the conversion
from Vega to the AB magnitude system.

Figure. 2.9 shows the final list of our summary information.

2.4.2 Data Quality Assessment

We now inspect and assess the quality of all data products from the VIKING survey
for further analysis. In order to perform the quality control procedure of the VIKING
data we review our seeing measurement for each detector as well as the multiplier
value which relates to the zeropoint (see Equation 2.1). Figure. 2.10 highlights the
density distribution of the seeing (left) and zero-point (right) for the VIKING data
in ZY JHKs filters. We also show the median seeing measurement as well as the
upper/lower quantiles in each filter.

From consideration of the seeing and zero-point distribution we selected all Paw-

Prints with seeing above 1.25′′ for reobservation. In addition, poor quality zero-
point images were also selected and flagged for reobservation if above a threshold
of 1.5 times the median zero-point. Figure. 2.11 shows the selection for each of the
filters (ZY JHKs). The selected PawPrints were reported to the VIKING team
(Priv. Comm.: Will Sutherland) for creation of observing blocks and re-observation.
Figure. 2.11 also shows the percentage of poor quality frames in seeing (green) and
zero-point (orange) respectively.
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Figure 2.10: The density distribution of the (left) seeing measurement and
(right) zero-point measurement in all 5 filters.

Throughout 2017 VIKING frames were reobserved and the poor quality data re-
placed with high quality frames. The final coverage (North and South patches) of
high and poor quality frames (in terms of the seeing and multiplier) for the VISTA
VIKING filters is presented in Fig 2.12. Black points represent frames with a poor
quality multiplier that do not meet our criteria. Gray regions show the frames with
high seeing estimation. The dashed lines highlight the GAMA 09 (right north), 12
(middle north), 15 (left north) and 23 (south). This Fig shows the improvement in
the quality of the VIKING survey through our QC and reobservation process since
June 2016. As it is evident, the majority of low quality frames have been reobserved
and hence improved in the final VIKING catalogue. As it can be seen in Fig 2.12
some gray or black regions have not been improved. Unfortunately, these are frames
which if removed would produce a hole or gap in our dataset with no replacement.
In this case, we keep the fail frames in our archive. To check the progression in other
VIKING filters see Appendix. A.1.

Figure 2.13 shows an example of a comparison between high quality and low quality
data (in left and right panels respectively) for the same region of the sky in the
VISTA VIKING Z band. As indicated, the low quality frame has been replaced
through a re-observation procedure during the 2016 and 2017 years. In this case
the limiting surface brightness threshold goes from ∼ 22 mag/arcsec2 to ∼ 24.3
mag/arcsec2.
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Figure 2.11: The quality assessment for the entire VIKING data (blue dots)
is based on a seeing measurement and the multiplier value. All images with a
high seeing (green dots) and/or a large multiplier (orange dots) are flagged for
reobservation. This is performed through a separate cut in each filter. The x-axis
shows the multiplier values which are related to the zero-point as defined in Eq

2.1)
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2.5 VIKING and KiDS data selection for WAVES

2.5.1 Method

One of the goals of this thesis is to prepare an input catalogue for the upcoming
WAVES survey. The Wide Area VISTA Extragalactic Survey (WAVES; Driver et al.,
2019) is a major spectroscopic survey to be conducted on the 4MOST telescope to
consists of ∼2 million galaxies in the footprint of KiDS and VIKING with Wide and
Deep components. In general, WAVES-Wide will firmly highlight galaxies with the
Z band magnitude below 21.1 and photometric redshift < 0.2 across almost the full
extend of the VIKING/KiDS footprint. I will describe WAVES in more detail in the
following chapter.

Despite our efforts to reobserve all poor quality data, unfortunately there are still
some low quality frames remaining. Therefore, we now have to be pragmatic and
implement a different criteria to ensure we do not leave any gap or missing frames
in the data. For our final selection we base this on a simple sky surface brightness
cut with no constraint on the seeing. As a result, we rejected all low quality frames
below ∼3 σ (1.5 mag/asec2) of the median value based on the surface brightness in
each band, as long as they do not leave any holes in our data. Figure 2.14 illustrates
the distribution of the revised surface brightness frequency distribution (after re-
observation) in each filter (colored distributions) and in total (gray distribution)
as obtained by equation 2.2 in the VIKING North and South. The solid gray line
overlays and shows the density of the total VIKING data.

µ = ZPNew − 2.5log10(
SkyRMS

Pix2
) (2.2)

where µ is the surface brightness in magnitude per arc second, ZPNew is the final
zero-point (equal to 30), SkyRMS is the background estimation from the Source
Extractor and Pix is the pixel size for the VISTA telescope and is equal to 0.339 arc
second.

Figure 2.15 shows the final data selection from the VIKING Z band and the currently
available KiDS DR4 r band dataset which will be used in the following chapter. The
final VIKING and KiDS data footprint for other filters is displayed in Appendix A.2.
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The number of rejected frames
Condition Z Y J H Ks

seeing 5.98% 3.87% 10.84% 4.94% 3.06%
multiplier 2.04% 2.28% 4.62% 1.49% 1.41%
Total 8.02% 6.15 % 15.46% 6.43% 4.47%

Table 2.4: The number of rejected frames from our main catalogue (June 2016)
after revision. The rejection is due to a poor seeing condition as well as the
low quality zero-point for any frames that do not meet our criteria as mentioned

previously.

Inspection for the VIKING dataset
Filter Data Total Approved Wavelength AB Mag

volume (TB) Frames Frames (%) (nm) (5σ)
Z 2.1 111,408 98.40% 880 23.1
Y 1.9 110,527 99.47% 1021.3 22.3
J 3.2 223,272 99.94% 1252.5 22.1
H 2.2 108,649 99.23% 1643.3 21.5
Ks 1.7 108,401 99.56% 2150.3 21.2

Table 2.5: Final update on the number of total frames after recent revision and
inspection of all broadband NIR filters. The number of acceptable FITS files are

more than ∼ 650,000. This includes over ∼ 11 Terabyte of data storage.

Table 2.4 summarises the number of rejected frames from our final catalogue due
to a shallow depth of surface brightness or low quality. As a result, the final list
includes 662, 257 Rice compressed multi-extension FITS files in 5 pass-bands (>
98% completeness) in Z, Y, J,H,Ks filters (∼ 11 Terabytes of data in total). Table
2.5 shows the final update of the VIKING data set in May 2018.

2.5.2 Overview

At the start of this work we had hoped to have a complete version of KiDS DR5,
covering the full footprint of the VIKING survey. However, KiDS DR5 will now
only become publicly available in mid-2020. This is due to some technical issues
with AstroWise data processing, data calibration and delay in their proper quality
assessment. At this point I shall proceed to the Chapter 3 where I develop a pipeline
for WAVES. In this work the complete VIKING data has been combined with the
KiDS DR4 in order to build a preliminary WAVES input catalogue. Upon the arrival
of the KiDS DR5, we will be able to place the new data directly into our existing
pipeline.
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Figure 2.13: A visual comparison of surface brightness level for a sample VISTA
VIKING Z band located at RA: 14:24:27, DEC: +0:47:03. (Right:) Example of
a low surface brightness (∼ 22 mag/asec2) image, observed on February 2010 by
VISTA telescope. (Left:) Re-observed frame for the same region with an optimised

surface brightness limit of ∼ 24.3 mag/asec2, observed on April 2015.
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Figure 2.14: The limit of the surface brightness measurements of the VISTA
VIKING frames as a function of frequency(left)/density(right) in the North (top)
and South (bottom) patches of the sky after modification. The median value is
shown by the black dashed line. A cut of 1.5 mag/arc sec2 (∼3σ) below the median
value applied (indicates with a grey dashed line) in order to flag the majority of

low quality frames.
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Figure 2.15: The final footprint of the VIKING Z band (top) and the KiDS
r band (bottom) which will be used in WAVES. GAMA regions are displayed
with solid lines and each region is accordingly labeled. WAVES North and South

coverage are also shown with dashed lines.
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Figure 3.8: Example of a ∼1 deg2 raw SWarped image shown in all VISTA
VIKING and VST KiDS bands at the location of right ascension 188.5 (HMS
12:33:42) and declination 0.5 (DMS 00:30:00). The variation in an extended halo
of bright stars is detected in the Z band which will be considered in section 3.8.2.
Additionally, the effect of distortion and background noise is obvious all around

the H and Ks bands.

Figure 3.9: An example of a low quality frames observed in the VIKING and
KiDS DR4 data set. As shown the noisy pattern is obvious in some frames.
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using SExtractor (Baldry et al., 2010) with the optical and NIR photometric
measurement, from u to Ks, implemented by forced aperture photometry using the
SExtractor elliptical aperture estimates to produce the GAMA PDR photometric
catalogue. Table-matched photometry was adopted in other wavelengths, i.e. far-
UV and mid to far-IR. This process utilised many sky surveys and ultimately the
GAMA team measured photometry across all 21 wavebands (Driver et al., 2016b).
This catalogue was later upgraded by the LAMBDAR photometry (Wright et al.,
2016) to directly measure the photometric flux across all filters without recover to
table matching. However, errors emerged with regard to the original SExtractor

aperture sizes of which ∼10% were determined to poorly define the objects extent.

To solve some of these problems, we developed and adopted ProFound (Robotham
et al., 2018), a new source finding package built in R and developed at the Interna-
tional Centre for Radio Astronomy Research2 (ICRAR), to identify sources, gener-
ate segmentation maps and extract photometry from a target image across multiple
wavebands. This should allow us to obtain reliable total flux measurements for each
target in an automatic mode. Running ProFound is more computationally ex-
pensive than SExtractor and ultimately requires supercomputer access. Here, I
will discuss the main features of the ProFound package used in this work with a
particular focus on those aspects in which I was heavily involved in visual inspection
testing. For full details of the ProFound package see the description in Robotham
et al. (2018).

In general, there are some key differences between SExtractor and ProFound:

1. ProFound maintains segments (i.e. the primary isophot) of objects, rather
than producing circular or elliptical aperture. The generated segment map for
each Tile is then used throughout for flux measurement.

2. Segments are then allowed to dilate until converged (∼ <5% flux increase) or
the maximum number of dilation is reached.

3. Watershed de-blending is adopted, which allocates each pixel to one object
only i.e. no flux sharing. While this is not always correct it behaves less than
flux sharing altogether.

Figure 3.10 shows two examples to highlight issues by displaying sub-regions of
a VISTA VIKING Z band. Segments are identified by running both ProFound

2https://www.icrar.org
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and SExtractor for the corresponding default parameters (e.g., RA, DEC, flux
position, axial ratio, surface brightness, magnitude and etc). As an example, I
selected a bright star (top row) and a combination of adjacent sources (bottom
row). Coloured regions define ProFound’s segments, while elliptical apertures are
generated from the SExtractor catalogue. Pragmatically, SExtractor uses
the Auto-magnitude output obtained by an elliptical aperture from Kron’s model
(Kron, 1980). As it can be seen, the photometry disagrees between false and real
detections in some regions. There are also some missed sources around the core of
the bright star (cyan segments) that ProFound detects which SExtractor does
not identify. Both ProFound and SExtractor detect spurious objects/segments
due to the stellar halo and hence highlights the need for masking (see Section 3.8.2).
To perform a comparison in crowded fields, it can be seen that ProFound acts
fairly reasonably as at times SExtractor creates and measures a single elliptical
aperture inappropriately for a group of segments nearby bright sources. For both
approaches further optimization is required to reduce contamination and improve
the efficiency of source detection. For instance, the entire region around the bright
star (see Fig. 3.10) is masked. This will be discussed further in Section 3.8.2. We
now focus entirely on ProFound which developed and evolved through this work.

3.5.1 Running ProFound

ProFound conducts a number of analysis steps to obtain photometric measure-
ments in multiple bands for all objects. More specifically, by reading an input FITS
file, ProFound makes an initial segmentation map, so that the background can
be isolated to make a rough sky map. It then uses this segmentation map to mask
objects and produces an improved sky map as well as a skyRMS map. ProFound

then redetermines the object segments that map the extent of each object. During
this step, ProFound adopts a watershed de-blending analysis to obtain the total
flux for each object. The watershed technique allocates each pixel of an image to a
single target image only. As mentioned before, this is iterative and computationally
expensive in terms of wall time and memory (see section 3.7). ProFound then
grows segments via dilation to measure pseudo-total fluxes. Over this stage, photo-
metric properties are re-measured to make the final segmentation map. ProFound

then makes a final sky map in order to produce final photometric properties. Below
is the summary of these steps:

1. Extracting appropriate pixel scale from header provided
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Figure 3.10: Examples of a comparison between the ProFound source finder
and the SExtractor for a sub-region of VISTA VIKING Z band running by
default parameters for both source finders. The top panels show an example of
a bright star (mag ∼9) that includes ProFound segments in rainbow colours
which is overlaid with the SExtractor Kron apertures with dashed ellipses. It
is evident that both ProFound and SExtractor identifies spurious detection
around the bright source. The bottom panels show an example for a crowded,
and de-blended region. Erroneously, SExtractor defines large apertures that
include more flux around the de-blended sources at the bottom left of image.
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Figure 3.11: ProFound background analysis for a sample of VISTA VIKING
Z-band centered in R.A. 180.5 and DEC 2.5. (left): original image (middle):
derived sky background root-mean-square (RMS) designating highest uncertainty
in background measurement (right): derived background sky map. Additionally,
the skyRMS highlights the effect of an individual detectors over the SWARPing

analysis.

2. Make an initial sky map
3. Estimate the sky/skyRMS
4. Make initial segmentation map
5. Smooth the image
6. Watershed de-blending analysis
7. Initial aggressive dilation for segments
8. Make better sky map
9. Final dilation for each segment

Figure 3.11 illustrates an example of the background estimation for a 1 deg2 Tile in
VISTA VIKING Z-band showing an original image ready for analysis (left), the final
sky root-mean-square (RMS) statistic (middle), and the final derived sky background
map (right). The effect of bright stars and ghosting is clear on the background map
where the background sky map is boosted up close to the position of bright sources
allowing more robust flux measurement of faint objects near bright objects, i.e. we
consider bright halos as part of our background.

Furthermore, the flux errors obtained by ProFound contain errors from the sky
subtraction and sky RMS. However, the error contribution by pixel noise correlation
during the SWarp resampling process, is also derived by ProFound. It is well
noted that this contribution is not included in our analysis as it is often negligible
and contributes a small fraction of the error introduced by the sky and sky RMS.
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3.5.2 ProFound parameters

This analysis is based on the ProFound version of v 1.10.8, which is publicly
available from https://github.com/asgr/ProFound. It is also worth discussing
how selecting the best parameters from ProFound will affect the final results as
the segmentation map is based on the number of tuneable parameters. I highlight
some of these parameters and the process by which I selected them for the WAVES
pipeline.

• Sigma:
ProFound can smooth the target image using a Gaussian kernel defined by
sigma before it applies the skyRMS threshold which identify the standard
deviation (Sigma) of the pixel to apply smoothing on the image. Hence, the
lower the Sigma value the more pixels are captured. the To use this parameter
we enable and set the logical parameter, Smooth to True.
• SkyCut:

SkyCut in units of skyRMS specifies the lowest isophotal threshold to apply
to our target image. For instance, by setting it to 2, sources need to have
a pixel above sky 2σ to be detected as an object. For optical-NIR data this
number generally needs to be set between 1 and 2. For highly correlated data
it should be increased (e.g. WISE or Herschel).
• Ext:

The extent parameter (ext) defines a search radius to look for connecting
pixels to the neighbourhood pixels.
• PixCut:

ProFound considers a group of pixels as an individual object if the number
of pixels reaches the PixCut value. The lower the value, the more objects will
be counted as a source. But also the number of fake detections will increase.
• Tol:

To do the de-blending well, the tolerance (tol) is introduced and set in the
units of skyRMS to see whether an object will be joined to its neighbours
or not. This happens when the height of a selected object is less than the
tolerance.
• Iters:

Iters is an integer scale representing the maximum number of dilations for
each segment. For a large value of iteration more flux will be captured for a
target source. However, increasing the number requires more computational
process. The minimum number is 0 and defines the undilated segment.
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Tuning the parameters helps us to efficiently optimise our source detections.

In order to conduct this tuning, I created outputs for ∼ 243 parameter combinations
(3 options in each of 5 parameters) for multiple regions to investigate which parame-
ters set works most effectively. Consistently, I inspected various regions with a range
of different scenarios and chose a few test regions to highlight common issues that
reoccur across the entire VIKING and (available) KiDS areas. The test regions are
also selected in a way to consist of objects with an intermediate magnitude range of
around 16 - 19 where there are a significant number of both galaxies and stars (i.e.
∼70%). These galaxies will have also make a significant contribution to the energy
density as described in Chapter 4.

Figure 3.12 presents four different examples for VIKING Z-band images including
poor quality data with high background noise levels (top two rows) and high quality
images (bottom two rows) that highlight the effect of different sets of parameters
on the initial segmentation maps. I also show (left to right) three different sets of
parameters as follows:

[Left] Sigma=1; SkyCut=1; PixCut=5; Ext=1
[Middle] Sigma=2; SkyCut=2; PixCut=13; Ext=2
[Right] Sigma=3; SkyCut=3; PixCut=17; Ext=3

Rainbow colours define the segments generated by ProFound3. As noted, none of
the parameters is entirely independent except for Tolerance which is purely related
to de-blending, as opposed to the rest of the parameters which are all inter-linked.
Therefore, I first tuned the four parameters through trial and error (i.e. Sigma,
SkyCut, PixCut and Ext) and later found the optimal tolerance value. After
several tests with a different set of parameters, the best effort is to run the Pro-

Found with default parameters as SkyCut=2, PixCut=13, Sigma=2, Ext=1,
and Tolerance=15. For reference, the complete script of the final ProFound

parameters is shown in Appendix B.2.

With the optimal parameters selected, I now run ProFound on stacked images
of KiDS and VIKING Z filter using (r + Z) as the detect band (will be discussed
in next section). This results in obtaining segments for all individual objects to a

3Based on a ProFound’s default, red segments have more flux while blue segments contain
less flux.
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Figure 3.12: A visual comparison of different ProFound parameters for a
VISTA VIKING Z-band data. The example shows two poor quality frames (first
and second rows) and two high quality frames (third and fourth rows). ProFound
segments are identified with rainbow colours. To show the effect of parameters on
test images, I selected different sets of parameters. The best effort is shown in
the middle column. As discussed in 3.5.1, the combination of reliable parameters
can prevent from large number of false detection (left column) or loosing detection

(right column).
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magnitude limit (5σ) ∼23.1 in the r+Z stack. ProFound is then run in measure-
ment mode to perform photometry in all 9 multibands (KiDS+VIKING) using the
detection segmentation map. During this process further dilation for each segment
is set to a value of 2. The source extraction analysis is performed via a high-level
function in the ProFound library, called profoundMultiBand.

ProFound runs a first detection phase to create the segments, and then executes
a second measurement phase. To optimize the performance of the final photometry,
we also make use of additional parameters which are:

• RoughPedestal:
A logical parameter use to estimate the sky (after computing the initial sky)
based on the median of the sky map. RoughPedestal is a new argument
appropriate for accurate flux measurement for very large extended objects (e.g.
galaxy) and in this work it is set to True. Without this an extended sources
can be over subtracted by the initial sky map.
• Box:

An integer value representing the dimension of the box car filter used to esti-
mate sky.

3.6 Regrouping of bright galaxies

Detecting bright galaxies without overly fragmenting them is one of the common
issues that we come across while working with source extraction algorithms (Seibert
et al., 2005, Bauer et al., 2005 and Sánchez et al., 2020). Unfortunately, bright
galaxies are often, erroneously, subdivided into multiple fragments. This results in
the detection of many bogus fainter sources. This problem mainly happens when
a galaxy is floculent of has multiple components. Thus, the fragmentation issues
cause serious concern when detecting bright galaxies above a magnitude limit of 17
in the Z band (i.e. in this case over 65,000 galaxies in the entire WAVES catalogue).
Previously, solving the fragmented galaxy problem was done using an automated
detection algorithm (e.g. SExtractor) run in so called "hot" and "cold" modes
(Galametz et al., 2013 and Boucaud et al., 2020). However, I shall be tackling this
problem using two new parameters developed in parallel with this work.
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Chapter 3

Constructing the WAVES input

catalogue Pipeline

In this chapter, I explain the process of constructing and developing an input cat-
alogue for the WAVES survey. I refer the reader to the Bellstedt et al., (2020)
for specifics on the photometric reduction process and Robotham et al. (2018) for
details on source extraction package. Besides my contribution to this work, I also
participated in some related publications (as described in the declaration) during
the course of my PhD project.

3.1 Preface

Next-generation spectroscopic surveys require high-quality photometric input cat-
alogues. Galaxy redshift surveys in turn provide essential distance information to
enable many studies in extragalactic astronomy e.g. galaxy evolution, dark matter
and clustering properties of galaxy groups. In this chapter, I describe my contribu-
tion to the analysis and construction of the input catalogue for one of the new wide
extra-galactic spectroscopic surveys (WAVES-Wide) which covers more than ∼1100
deg2. My focus will be on introducing a new source finding algorithm to obtain
a catalogue of robustly detected objects with accurate high photometric precision.
These results are derived from the NIR and optical astronomical imaging data. As
described in Chapter 2, I also present my implementation of the star-galaxy clas-
sification and other post-processing in a series of steps. Finally, I perform quality
control and data validation for the new catalogue and provide a comparison to pre-
vious data.
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3.2 The Wide Area VISTA Extragalactic Survey

The Wide Area VISTA Extragalactic Survey (WAVES1; Driver et al., 2016a and
Driver et al., 2019) is a ∼ 2 million galaxy redshift survey to be conducted on ESOs
VISTA/4 meter Multi-Object Spectroscopic Telescope (4MOST; de Jong et al., 2019)
to commence in 2022. This will be combined with an extensive multi-wavelength
data set extending from X-ray to radio wavelengths. Hence, it is very important to
produce a high-quality target catalogue. For the WAVES survey, this needs to be
done well in advance of operations. In this work, I will construct this catalogue from
the VISTA VIKING survey in the five near-infrared broadband filters Z, Y, J,H,Ks

(0.88 to 2.15 µm) and the VST KiDS in the four optical broadband filters u, g, r, i
(0.3 to 0.9 µm). The combination of 9 NIR and optical wavelength bands will allow
for object classification and photometric redshift selection. The WAVES survey is
designed as a wide-field galaxy survey focused on the evolution of mass, energy, and
structure and will provide a unique legacy source for diverse galaxy studies from
the low surface brightness regime (Williams et al., 2016), to stellar-mass evolution
in galaxies (Wright et al., 2018) and the evolution of galaxy structure and the dark
matter halo mass function (Viola et al., 2015). In this chapter, I now focus on
constructing the input catalogue for WAVES in preparation for the WAVES-Wide
spectroscopic campaign on 4MOST. Figure 3.1 shows the footprint of WAVES in
comparison with other wide and deep surveys. Figure 3.2 displays the scope of
WAVES (in blue) in terms of coverage, magnitude depth, and redshift density com-
pared to other existing, ongoing and future surveys in black, green and red circles
respectively. In comparison to other wide (e.g. SDSS, Taipan, 2dFGRS) and deep
(e.g. MOONS, COSMOS, DEVILS) galaxy redshift surveys, WAVES also portrays
a better picture of the galaxy evolution studies and acts as a bridge to link the local
universe (z < 0.3) to the distant universe (z > 0.8).

Fundamentally, WAVES is split into two main galaxy surveys: WAVES-Wide and
WAVES-Deep each provide a survey of comparable scope to the highly successful
Sloan Digital Sky Survey (SDSS) ∼ 1 million galaxies and the Galaxy And Mass
Assembly (GAMA) survey ∼ 250K galaxy (see Fig 3.3). Together, WAVES-Wide
and WAVES-Deep will probe the evolution of galaxies and structure over the last
∼ 8 Gyr and locally down to a stellar-mass limit of ∼ 106 M� galaxies and to a halo
mass limit of ∼ 1011 M� with the ultimate goal of testing the Cold Dark Matter
(CDM) model. WAVES-Wide is split over two separate fields in the North and South
patches of the sky. The advantages of setting up a survey this way is to reduce the

1https://wavesurvey.org
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Figure 3.1: The final WAVES-Wide distribution fields relative to the Milky Way
plane and the Ecliptic is shown in sky blue colour, in comparison with other wide
and deep surveys. As can be seen, the VST-KiDS survey covers ∼ 1350 deg2 of the
galactic sky in north and south, overlaps with the VISTA-VIKING survey and is
shown in dark gray colour. It also overlaps with GAMA fields and WAVES-Deep
(an upcoming survey) in orange and dark blue respectively. Furthermore, SDSS
spectroscopic and imaging survey overlays with the WAVES in the northern cap.
Milky Way plane, center and the ecliptic are defined as a legend. This figure is

produced by ASTROMAP (http://astromap.icrar.org).

cosmic variance and maximise observability. WAVES-Wide will cover ∼ 1100 deg2

to Zmag < 21.1 with a photometric redshift pre-selection of z < 0.2. WAVES-Deep
will cover 66 deg2 to Zmag < 21.25 with photo-z selection <0.8. It is broken into the
G23 region which lies within WAVES-Wide plus the 4 LSST deep drill fields. The
WAVES-Wide field positions and areas are presented in Table 3.1. In order to build
an input catalogue I use the data from the two ESO public surveys, VISTA VIKING
and VST KiDS as described in Chapter 2. In the following section, I describe the
analysis and data reduction of these data.

As reviewed in Chapter 2, the data analysis of this work is based on the final revision
of the VISTA VIKING data and an updated version of the VST KiDS dataset (KiDS-
ESO-DR4) which includes additional frames in all four filters (u, g, r, i) comprising
of 1011 survey Tiles in each filter. At this point most of this data is collected.
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Figure 3.2: Comparison of the WAVES-Wide with existing, ongoing and fu-
ture wide and deep surveys based on (Top): limiting magnitude (AB), (Bottom):

Density of redshifts. This figure was extracted from Driver et al. (2019)
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WAVES coverage
Field RA (deg) DEC (deg) Full Area Effective Area

(deg2) (deg2)
NORTH 157 to 225 -4 to 4 750 545
SOUTH 330 to 53 -36 to -27 750 625

Table 3.1: WAVES final field positions and area coverage.

Figure 3.3: The light cone of the WAVES-Wide survey in cyan (Credit:
http://astromap.icrar.org)

However, the final data calibration and data analysis are partially incomplete and
still ongoing and will be published as KiDS-ESO-DR5 in 2020. Here, I describe
the constitution of our analysis pipeline, developed using KiDS DR4, but will later
be applied to KiDS DR5.
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3.3 Pipeline overview and recap

Figure 3.4 shows the adopted workflow for the pipeline used in this thesis. In sum-
mary, the work process is broken down into the three main phases: Pre-processing ;
Source Extraction; and Post-processing. The pre-processing phase is fully described
in Chapter 2 and the SWarping process will be discussed in the following. The sec-
ond phase (Source Extraction by ProFound) will be fully reviewed. It is divided
into two individual stages: Detection; and Measurement. In the detection mode,
I used the combination of the VST KiDS r band and the VISTA VIKING Z band
(i.e. r+Z) as stacked images. Figure 3.5 emphasizes the difference between the Z
band detection (right), r band detection (middle) and r+Z stacked (left) as a detec-
tion. The r+Z images are combined and stacked in an inverse variance weighting
mode. The distinct advantage of having the r+Z stack is to mitigate some of the
bad ghosting, although it is not possible to correct them entirely. Furthermore, the
r+Z stack helps to recover the missing frames in other bands. In the clean area, the
r band is dominant as it is deeper than the Z band. However, in the noisy region (i.e.
either sky noise or the varying noise characteristics of the individual detectors), it is
slightly mitigated by the inclusion of the Z band data. In source detection mode we
are not calculating all the photometry for each source. However, the sky is measured
and all the segmentation images are stored during the detection phase. This helps
to run the source extraction as quickly as possible (∼ 6 hrs for each tile). As it will
be discussed in Section 3.12, many parameters were considered in different regions.
Eventually, the selected parameters were chosen in detection mode that works most
efficiently for this data.

In the measurement phase, fixed segments (from the derived segmentation map) were
applied. We then ran ProFound using the r + Z to measure all photometry from
multiband (ugriZY JHKs). To estimate the flux for a single object, ProFound

then implemented the watershed analysis and accordingly, de-blending technique to
reach the maximum halo flux. This process is performed by iteration. As the focus is
mainly on faint sources (10 arcsec or below), therefore, we chose the dimension/res-
olution of the background to estimate the sky. This was set via another parameter,
Box/Grid to 50. For sources in the range of arc mins larger Box/Grid size is
recommended.

Here, I review the pipeline and adopted workflow in more detail.
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Figure 3.4: Workflow for the WAVES pipeline. In general our pipeline is con-
structed in the three different phases as discussed in the text.
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Figure 3.5: The comparison between difference stacked images in a detection
phase. (right) Z band, (middle) r band, and (r+Z) bands.

3.4 Building ugriZY JHKs Tiles using the SWarp

package

Prior to source detection we need to first place the VST and VIKING data onto a
common World Coordinate System and in manageable size chunks and also resample
the data to be at the same resolution. This involves mosaicing, re-sampling and
astrometrically aligning the FITS images. This is done using the Terapix SWarp

package (Bertin, 2010 and Bertin et al., 2002) using a Gnomic Tangent projection,
a standard World Coordinate System (WCS). Adopting our final data selection as
described in Chapter 2, I now look to re-sample all exposures to produce a high-
quality images suitably for source detection. In order to examine the best possible
SWarp parameters to use for this, I explore a range of background mesh sizes from
64×64 pixels to 128×128, 256×256 and 512×512 respectively for a variety of regions
(see Fig 3.6). The background mesh size is the number of pixels within which the
median value is adopted to represent the background level. The background mesh
sizes were chosen in a way so as not to be too small to affect object photometry nor
too large to remove noisy structure. Consequently and following extensive visual
comparisons (e.g. Fig 3.6) selected implemented background subtraction using 256×
256 pixel mesh sizes and 3 × 3 background filtering mask grid with a pixel size of
0.339 arc second (the adopted mean pixel size from VISTA) for all frames. In
addition, I force the SWarp configuration file to co-add and re-sample overlapping
FITS files to generate a Median stacked image using the VISTA Z, Y, J, H, and
Ks images and KiDS u, g, r, and i bands. Figure 3.7 shows a comparison between
the median stacked image and the weighted inverse stacked image for a problematic
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region from the VISTA VIKING Z band. The example clearly highlights that the
median stacked image has adequately smoothed the background and removed most
of the sky noises and poor quality pixels. The SWarp configuration file adopted in
this work is presented in Appendix B.1.

Figure 3.8 illustrates an example of a median stacked SWarp image for a 1 × 1 deg2

Tile with a small buffer region. This buffer helps us to obtain reliable fluxes for
sources at the edge of each frame. Therefore, our final SWarped images are slightly
larger than 1 deg2 (i.e. 1 deg2 + 5 arc minute buffer). I will discuss this in more
detail in section 3.8.4. The example shown in Fig. 3.8 displays the depth and quality
of the image in each filter. I now implement the SWarp process for all data at the
location of the KiDS Tiles (i.e. we adopt the KiDS gridding). In total this results
in more than 1300 individual 1 sq degree SWarped Tiles in u, g, r, i, Z, Y, J,H,Ks

with corresponding weight frames and which cover the WAVES area (in the North
and South). Overall, this process produces ∼4.5 TB of data volume.

I also make a visual inspection of all Tiles by creating a diagnostic plot for each Tile

image in all filters to ensure that the SWarped images are properly constructed
and suitable for further analysis such as source extraction. I then note whether the
individual SWarped frames contain any artefacts such as saturation features, poor
pixels, ghost images due to bright objects (mainly stars), a satellite track, meteors,
etc. Over the visual inspection process, I noted that some Tiles are not completed
in certain bands (mainly because KiDS data is not fully completed). For instance,
the sign of missing detectors or gaps across the existing data is quickly evident.
This progress is reported as an Appendix A.1. As in the near future KiDS data will
be completed (KiDS-DR5) across the WAVES regions, I rejected any Tiles with a
missing frame or a gap in this work. Hence, the source extraction analysis is based
only on Tiles for which we have complete wavelength coverage resulting in 758
Tiles and effective covering of ∼706 deg2. Figure 3.9 also highlights an example of
a poor quality frames that we diagnosed.

3.5 Source Finding with ProFound

With the data in place and mapped to a common WCS in manageable chunks we can
start source detection. To build an input catalogue, we must perform rigorous and
consistent photometric measurements for all sources in the VIKING Z, Y, J,H and
Ks images as well as KiDS u, g, r and i images followed by star-galaxy separation. For
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Figure 3.6: Examples of selected background mesh sizes for a sufficiently bright
and large target image (NGC 5746). The decision of selecting the background
mesh value is critical since an extended object becomes over-smooth for a large
value. On the contrary, the flux of an object is embedded in the background map
while low estimation produces random noise (see top left for a low grid size). For
the same reason, I set the background mesh size for all VIKING and KiDS images

to 256 by 256.
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Figure 3.7: An illustration of separate images stacking mode in the VISTA
VIKING Z band by SWarp software. Left: median stacked image. Right:
Weighted inverse stacked for a corresponding image. It can be seen that the me-
dian stacked is more stable, while the weighted inverse stacked configuration has
elevated the background noise. By stacking in a median mode SWarp is forced

to take median pixel values at each pixel.

many surveys, e.g. CANDELS (Galametz et al., 2013), Herschel Multi-Tiered Ex-
tragalactic Survey (HerMES; (Roseboom et al., 2010)) or G10/COSMOS (Andrews
et al., 2017), this is done using the widely used source finding package SExtractor

(Bertin & Arnouts, 1996) to identify objects and extract photometric measurements
from any target image. Critically, automatic aperture photometry as performed by
SExtractor, is based on the Kron or Petrosian radii, where for instance, Petrosian
magnitude is measured by applying a circular aperture (twice the Petrosian radius
i.e. the radius where the index equals some fixed value, see Graham et al., 2005)
around objects. The photometry aperture measurement can also using models (e.g.
exponential or de Vacouleurs), PSF magnitudes or Fibre magnitudes (Baldry et al.,
2010). The code can also produce a false measurements or spurious detections. In
addition, source de-blending is non-trivial with large galaxies often fragmented and
faint galaxies often blended. This analysis was performed for the GAMA (Wright
et al., 2016) and COSMOS-G10 (Andrews et al., 2017) surveys and, as a result,
various number of non-negligible detections were found which needed to be fixed via
manual intervention.

The GAMA Panchromatic Data Release (PDR) source identification was performed
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