
First results from high redshift quasar

searches in VIKING

Joseph Findlay

Thesis submitted for the degree of
Doctor of Philosophy (PhD)

of the University of London October 2011



Abstract

This thesis presents the discovery of the first luminous z & 6.5 quasars in the VISTA
kilo-degree Infrared Galaxy Survey (VIKING). After some basic quality control, quasar
selection is investigated via use of initial data supplementedwith detailedmodelling of
the photometric and spatial distributions of stars of spectral typeM, L and T, which are
known to be the cause of significant contamination in quasar colour selection spaces.
Optimised selection constraints are placed on detection significance and morphology
and the performance of a traditional colour selection technique is compared to a Bayesian
model comparison technique. The latter is found to offer a ∼10 per cent gain in com-
pleteness over traditional colour selection. Quasar candidates are ranked via Bayesian
model comparison and a subset of the highest ranked objects are put forward for
follow-up imaging.

In June 2011, 44 high-z quasar candidates underwent deep optical i- and z- band imag-
ing on the ESO NTT. Just 6 of these candidates were found to have optical colours con-
sistent z & 6.5 quasars. Spectroscopic follow-up of these objects is ongoing, but thus far
three new quasars have been discovered at redshifts of z=6.5, 6.7, 6.9. This discovery
rate is consistent with zero evolution in the rate of decline in quasar space density from
z & 6.4. This differs from the latest results from UKIDSS. Further results expected from
these and other surveys will begin to constrain the true nature of quasar space density
evolution in the near future. The discovery of three z ≥ 6.5 quasars in VIKING is a
significant highlight in the first year of VISTA science operations. These quasars will
remain important probes of the high-z universe throughout the next decade.
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CHAPTER 1

Introduction

1.1 High redshift quasars as cosmological probes

Quasars are the brightest non-transient objects in the Universe and offer powerful
probes of cosmology, setting constraints on early structure formation [8, 9, etc.], chemi-
cal enrichment [10, and refs. therein], the state of the inter-galactic medium at the end of
cosmic reionisation [11], etc. This chapter describes three major research areas to have
benefited significantly from discoveries of high-z quasars in recent times. In addition
some recent search strategies are summarised and the capabilities of new instruments
and surveys relevant to work in this thesis are put into context.

Throughout this work the following values for the Hubble constant and the matter and
cosmological constant energy density parameters are adopted; H0 = 70 km s−1Mpc−1,
ΩM = 0.28 ΩΛ = 0.72, [12].

The passbands of the Visible and Infrared Survey Telescope for Astronomy [VISTA; 13]
and and Sloan Digital Sky Survey [SDSS; 14] are referred to in this thesis as u, g, r, i, z,
Z, Y, J, H, Ks. Passbands on other systems are differentiated either by the addition of
a subscript (e.g. J2MASS) or by explicit statement. In order to avoid confusion with the
SDSS z band redshift is denoted non-italic lower case z.

1.1.1 The Hydrogen Atom and Gunn-Peterson Absorption.

Broadly speaking the spectra of quasars are dominated by a striking featureless con-
tinuum, which extends over the entire electromagnetic spectrum from radio to the
gamma-ray energies. This emission is characterised by the presence of relativistic free
electrons [15], which give rise to Synchrotron and inverse Compton emission. The
optical/ultra-violet (UV) continuum component is clear from Figure 1.1, which shows
the composite rest-frame spectrum of optically selected quasars from the SDSS [1]
(dashed and dotted lines show that this continuum has two power law components).

Further evident from Figure 1.1 is that the continuum is adorned with a multitude of

13



CHAPTER 1: INTRODUCTION

Figure 1.1: A composite spectrum of quasars from the SDSS by Vanden Berk et al.
[1]. The spectrum shows the two stand-out features of all quasar spectra displaying a
featureless power law continuum adornedwith a multitude of spectral emission lines.
Quasars are strong emitters of Lyα photons and the continuum extends blueward of
the Lyα transition.

spectral transitions, the strongest of which have been labelled. There is a large body of
literature covering the origin of these transitions and these discussions are not repeated
here [see 16, for a review]. The purpose of presenting Figure 1.1 here is to demonstrate
that quasars are strong emitters of Lyman-alpha (Lyα) photons and that the continuum
extends blueward of the Lyα transition.

As we shall see, the presence of Lyα in both emission and absorption in quasar spectra
has been crucial to their identification in current and past searches. This section briefly
reviews the production mechanism of Lyα photons and the signatures of the transition
in quasar spectra.

For a first order quantum mechanical treatment, the Hydrogen atom may be modelled
as an electron with quantised orbital angular momentum L =

√

l(l + 1)h̄ in a Coulomb
potential V(r) = −e2/4πǫ0r, where l = 0, 1, 2 . . . is the azimuthal quantum number, e
is the charge on an electron, ǫ0 is the vacuum permittivity and h̄ is the reduced Planck
constant.

Thewave equation of the electron contains all the information on the current state of the
system and its radial component u(r) is a solution to the radial Schrödinger equation

− h̄
2

2me
d2u

dr2
+

[

l(l + 1)h̄2

2mer2
+V(r)

]

u = Eu (1.1.1)

where me is the electron mass and E is the electron energy.

14
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One can appreciate the qualitative nature of the energy of the system by considering
the effective potential term inside the square brackets

Veff(r) =
l(l + 1)h̄2

2mer2
− e2

4πǫ0r
, (1.1.2)

if l > 0, then Veff(r) is attractive (i.e. directed towards the nucleus) at large r and re-
pulsive at small r. By differentiating equation 1.1.2 one may show that Veff(r) has a
minimum Veff(r) = −ER/l(l+ 1) at r = l(l+ 1)r0, where ER = 13.6 eV is the ionisation
energy often referred to as the Rydberg energy and r0 = 0.529 × 10−10m is the Bohr
Radius.

In reality of course, the electron may only occupy a discrete set of energy states when
in atomic form and transitions between discrete states of differing energy give rise to
spectral lines such as Lyα. The wave function of an electron in a bound state is an
eigenfunction of equation 1.1.1, which belongs to the energy eigenvalues E. For the
interested reader the derivation of the radial Schrödinger equation and the solution of
the eigenvalue problem is given a full and clear treatment by Phillips [17]. The results of
this treatment show that an electron with angular momentum L in a Coulomb potential
has an infinite number of bound states with energies

Enr, l = − ER
(nr + l + 1)2

(1.1.3)

where nr = 0, 1, 2 . . . is known as the radial quantum number and by convention
bound states have negative energywhile ionised states have E ≥ 0. From equation 1.1.3
it is clear that there exist distinct states with equal values of nr + l and therefore equal
energies. Such states are degenerate and it is normal practise to make the substitution
n = (nr + l + 1), where n = 1, 2, 3 . . . is the principle quantum number. Also appar-
ent from equation 1.1.3 is that as n increases the energy difference between adjacent
states decreases and thus transitions between states of high n give rise to spectral lines
at longer wavelengths and lower energies. As n approaches ∞ the quantised energy
states mimic a continuum. These points are clarified by the energy level diagram for
the Hydrogen atom in Figure 1.2.

In quasar spectra the Lyα line exists strongly in both emission and absorption. Lyα is
part of a series of transitions known as the Lyman series which arise from transitions
between excited states of Hydrogen (with n > 1) and the ground state (n = 1). The
emission lines resulting from the first three of these transitions are Lyα (n = 2 → 1),
Lyβ (n = 3 → 1) and Lyγ (n = 4 → 1) and their appearance in quasar spectra is due
largely to recombination, whereby an electron in an ionised gas is captured by a proton
and cascades down to the ground state emitting a photon of energy Ei1 = Ei − E1, i.e.
the energy difference between ith state, where i > 1, and the ground state.
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Figure 1.2: Energy levels of the bound states of the Hydrogen atom as given by equa-
tion 1.1.3. Each value of the angular momentum quantum number l = 1, 2, 3 . . . corre-
sponds to an infinite number of states with energies Enr, l and radial quantum number
nr = 1, 2, 3 . . .
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Collisional excitation is also a prominent catalyst of Lyman series emission. In this
case an electron is elevated from the ground state energy to a higher energy state via
a collisional interaction and a photon of energy Ei1 is emitted as the electron cascades
back down to its ground state.

From equation 1.1.3 the energy of a photon emitted by an electron via a transition from
ni to nj is ∆E = ER(n

−2
j − n−2i ) giving

ELyα ≡ E21 = 10.2 eV, ELyβ ≡ E31 = 12.1 eV, ELyγ ≡ E41 = 12.75 eV

and since E = 2π h̄c /λ, where c denotes the speed of light and λ denotes the wave-
length of the emitted photon, then

λLyα = 1216Å, λLyβ = 1026Å, λLyγ = 972Å

As mentioned earlier, as well as the characteristic Lyman series emission lines in the
spectra of quasars, Lyman series absorption features are also apparent and their pres-
ence in quasar spectra at high-z are crucial to the quasar search described in this thesis.

Lyman series absorption is brought about by the photoionisation of intergalactic hy-
drogen by the quasar continuum blueward of the Lyα transition. To appreciate this let
us make a rough calculation of the optical depth to Lyα photons along the line of sight
in a uniform and homogeneously distributed intergalactic medium (IGM). We start by
writing the proper mean number density of hydrogen nuclei at redshift z in terms of
the present day baryon densityΩb;

̺H(a) =
ρcrit
mH

(1− u)Ωb a
−3 (1.1.4)

̺H = 1.1× 10−5Ωb h2 cm−3

where u is the fraction of mass in helium, ρcrit is the critical density, mH is the mass of
atomic hydrogen and a = 1/(1+ z) is the scale factor.

The integral of ̺H over proper length to redshift z gives us the column density Q of
atomic hydrogen along the line of sight. In a Friedman-Robertson-Walker Universe the
proper line element is given by dl = c da/a H(a). Therefore

Q = c
∫ a0

a
̺H(a)

da

a H(a)
(1.1.5)
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where a0 = 1 is scale factor at the present day.

The optical depth τ to photons of frequency ν along the line of sight is then the product
of Q and the interaction cross-section ς(ν). Assuming ς(ν) is highly peaked about
the Lyα frequency then ς(ν) ≈ ςLyαδ(ν − νLyα), where δ is the Dirac delta function.
Therefore

τ = c
∫ a0

a
ςLyα δ

(ν

a
− νLyα

)

̺H(a)
da

a H(a)
(1.1.6)

where δ(ν/a − νLyα) accounts for the shift in ν with the expansion of the Universe.
For photons emitted at z ≥ 1 the Universe is matter dominated so the approximation
H(a) ≈ H0

√
Ωm a

− 32 is valid [15] and

τ =
ςLyα ̺H c

H0
√

Ωm

a−
3
2

νLyα

≈ 13000h−1 Ωbh
2

0.02
(1+ z)

3
2 (1.1.7)

Where h is the reduced Hubble constant.

At z ≥ 1 the optical depth of the IGM to Lyα photons would be τ ∼ 105 and thus for
even a tiny content of neutral hydrogen (< ̺HI/̺H >∼ 10−5 >) one would expect
almost complete absorption of the quasar continuum blueward of the Lyα transition.
As we shall see this fact is crucial in our ability to identify quasars at high-z with broad
band imaging.

In reality transmission of Lyα photons is apparent at some level right up until z ≤
6. In fact, approaching this epoch from z = 0 the spectra of quasars initially show
almost complete transmission. Gradually, approaching higher redshifts transmission
becomes patchy and a multiplicity of narrow absorption lines, known as the Lyα forest,
is produced as energetic photons are redshifted to the Lyα frequency and are absorbed
as they pass through clouds of neutral hydrogen in the inhomogeneous IGM. This leads
us the conclusion that the Universe has undergone a period of cosmic reionization.

1.1.2 Cosmic reionisation

Throughout cosmic history the ionisation state of pre-galactic hydrogen has under-
gone two major changes. Initially maintaining an ionised photon coupled plasma,
the Universe cooled via expansion, leading to a point at which it is thermodynami-
cally favourable for neutral Hydrogen to exist over plasma. This allowed the photon
mean-free path to go to infinity leaving behind the last scattering surface known as the
Cosmic microwave background at z ∼ 1090 (CMB).
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Gravitational instabilities grew from primordial density fluctuations, which are present
at the surface of last scattering and leave temperature and polarisation anisotropy sig-
nals in the CMB. During this process polarisation is generated by Thomson scattering
and is seen at small angular scales corresponding to the horizon size at that epoch. The
detection of a polarisation signal on scales larger than the horizon at recombination is
indicative of secondary processes such as a change in the ionisation state of pre-galactic
hydrogen.

The rise of the first population of ionising sources (probably star forming galaxies
or possibly active galactic nuclei; AGN) began the process of reionisation. As pre-
dicted this process gave rise to a high significance peak in the Wilkinson Microwave
Anisotropy Probe’s (WMAP) observations of the E-mode polarisation power spectrum
at large angular scales [18] with an amplitude proportional to the total optical depth
(τ). This is consistent with an optical depth of τ = 0.088± 0.015. Assuming an instan-
taneous reionisation scenario this would imply a reionisation redshift of z = 10.5± 1.2.
Reionisation is not expected to have occurred instantaneously, rather the CMB result
shows the integrated effects of Thomson scattering and the result is more commonly
viewed as the average redshift of reionisation.

The exact nature of reionisation is dependent on the production, distribution and strength
of ionising photons and the complex interplay with the topology of the IGM. Theoret-
ical work [e.g. 19–24] has converged on a broad consensus on how reionisation un-
folded. The very first ionising sources were initially rare and began to ionise local
spheres or “bubbles” of (dense) gas. As more light sources began to populate the Uni-
verse, the cosmic expansion caused the IGM density to fall and consequently it became
increasingly difficult for ionised hydrogen (HII) to recombine. Ionised regions grew in
size and number and eventually they began to overlap causing a sharp increase in the
photon mean free path. The final stages of reionisation are expected to have proceeded
quickly as ultra-violet photons worked on the final pockets of neutral gas.

The first observational constraints on this process were placed during the last decade
via the Gunn-Peterson (GP) test [25], which measures the neutral fraction of IGM along
a particular sight line as implied by the absorption of Lyα photons in the spectra of
ionising objects at high-z. The test is sensitive to the end of reionisation, since the
absorption saturates for neutral fractions of (̺HI/̺H) > 10−3.

At the time, significant numbers of z ∼ 6 quasars were being discovered in wide-field
optical surveys (section 1.2) and in 2001 the first complete GP trough (i.e. complete
absorption shortward of Lyα) was found in the spectrum of a z = 6.28 quasar [26].
This was widely interpreted as a clear sign post of the end of reionisation. However,
subsequent discoveries soon showed clear transmission in the IGM along sight lines
towards higher redshifts [e.g. 27].

The optical depth of the IGM to Lyα and Lyβ photonswasmeasured along 19 sight lines
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towards high-z quasars by Fan et al. [11]. They found an abrupt qualitative increase
in the rate of evolution of the optical depth of the IGM at z ≃ 5.5. An evolution in
the scatter of the transmitted fraction with z was interpreted as a sign that they were
probing the end of the overlap phase of reionisation. More recently these results have
been explained without the need to resort to reionisation overlap [28].

Since the GP absorption rapidly saturates with increasing neutral fraction, further tests
of reionisation were developed. In particular the size of dark gaps (i.e. absence of flux)
in quasar spectra are explained by variations in the ultra-violet background [29]. As
predicted by Paschos and Norman [30] the length of these dark gaps increases signifi-
cantly at z > 6 as the IGM begins to become more neutral.

Further classic tests attempted to measure the extent of the ionised bubbles around
quasars [11, 31]. In general it was found that these bubbles increase in size dramatically
towards lower redshifts and inferred IGM neutral fractions suggest that reionisation
was taking place at these epochs.

It was later shown however that at z > 6 resonant absorption by residual H I can lead
to an underestimation of the physical size of ionised bubbles which results in an un-
derestimate of the neutral fraction [32].

Whether we are probing the final stages of reionisation with z ∼ 6 quasars is an open
question. Current methodology requires many more independent sight lines and spec-
tra with higher dynamic range [33]. It is now recognised however that quasars as a
population cannot give a good average representation of the IGM during reionisation
since they reside in regions that contain an over-density of ionising sources [34]. This
should not detract from the use of quasars as probes of these interesting regions but it
looks likely that reionisation as a global phenomena will be better probed in future by
gamma-ray-bursts [35] and deep galaxy surveys [36] afforded by the new near-infrared
capabilities of the Hubble space telescope (HST).

That said, there is still an important role for high-z quasars as probes of reionisation in
themost biased regions of the Universe. This was illustrated in no uncertain termswith
the detection of a Lyα damping wing in the spectrum of the highest redshift quasar yet
discovered [37]. Furthermore, the scale of the ionisation zone around this quasar shows
clear departures with those of z ∼ 6 quasars. Further examples of z ∼ 7 quasars are
required to determine if these results are mirrored elsewhere.

The introduction of low frequency radio arrays will revolutionise current knowledge
in the area through redshifted 21-cm observation, allowing full 3-dimensional imag-
ing of the IGM on all scales (linear and non-linear). The imaging of the neutral IGM
will allow us to distinguish between competing reionisation models. There is a large
body of literature describing the different projects and tests on the IGM with 21-cm
observations, much of this is neatly summarised by Morales and Wyithe [38].
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Among the most easily detected and interpreted signatures will come from the distinc-
tion between redshifted 21-cm signals from large H II bubbles driven by high-z quasars
and the surrounding IGM [39]. Quasars will become valuable probes of the IGM dur-
ing the end of the overlap period and quasars discovered in current wide field imaging
surveys thus represent ideal targets for searches in forthcoming 21-cm surveys. Cou-
pled with this, rest-frame ultra-violet observations of high-z quasars will continue to
provide good qualitative constraints on the end of the reionisation epoch.

1.1.3 Black hole growth and evolution

In 1978 a review paper by Rees [40] considered three different scenarios for the seed-
ing and subsequent pathways to growth for supermassive black holes (SMBH); growth
from stellar mass black holes, direct collapse of gas in the centres of protogalaxies and
runaway collapse of dense star clusters. With the more recent addition of the hypothet-
ical primordial black holes produced by density fluctuations during the Big Bang, all
continue to be regarded as viable candidates for the progenitors of SMBH.

The vast majority of work in this field is still theoretical and there are a number of de-
tailed reviews covering the theoretical intricacies [e.g. 41]. The single most compelling
observational constraint on this field is the observation of quasars powered by 109M⊙
black holes (BH) just a Gyr after the Big Bang.

A difficulty arises from classical argument; the theoretical limit on the mass accretion
rate of a gravitationally accrediting body emitting radiation isotropically comes about
through the balancing of radiation pressure with gravity via the Eddington limit. The
implied accretion rate has a mass doubling time scale of 45Myr, the Salpeter time.

The recent important discovery of a z ≃ 7 quasar harbouring a 2 × 109M⊙ SMBH
[37] is significant because within the confines of concordance cosmology, there is little
more than 0.7Gyr from which to form such an object. If one assumes that the SMBH
grew from a seed of 102M⊙ (a population III star remnant for instance), then the mass
of the object at z ≃ 7 requires 17 e-folding times, which is pushing the limits of the
Salpeter argument. Therefore the discovery of quasars at high redshifts places strong
constraints on mechanisms for massive BH seeding and growth.

Observationally, further constraints on these processes come principally through the
quasar luminosity and mass functions. The quasar luminosity function (QLF) charts
the space density of luminous quasars per magnitude interval in redshift space. There-
fore the QLF contains information regarding the rate of mass build up of SMBHs and
the reproduction of the QLF is seen as a minimum requirement for acceptable cosmo-
logical simulations [e.g. 42].

At z ∼ 6 most SMBHs are in an active phase of accretion and most moderate to high
mass SMBHs are accreting close to the Eddington limit [43]. This allows the inversion
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of the QLF to obtain the SMBHmass function (MF).

The latest determination of the MF [43] has placed the latest observational constraints
on the build up of massive BHs in the early universe. Scaling relations between the
mass of SMBHs and their host galaxy properties in the local Universe [44] are inter-
preted as a sign that both grow synchronously, subject to the same physical processes
during their formation. It is surprising to find from the latest MF, that the SMBH mass
density appears to evolve a factor 100 times more than the stellar mass density between
z = 0-6.

It has been suggested that most e-folds in mass are acquired through accretion in the
cores of dense dusty proto-galaxies before the quasar luminous phase. This would
account for the vast discrepancies in quasar and stellar mass build up at early times.
This is also consistentwith one basic evolutionary paradigm in which SMBHs begin life
embedded in the gas rich progenitors of local ‘red and dead’ ellipticals. Massive rates of
star formation occur co-eval with BH growth obscured from view until a combination
of feedback, star-formation and BH feeding allows the breakout of a visibly luminous
nucleus and the beginning of the quasar phase.

Such systems would perhaps be detectable in hard X-rays, but despite major efforts,
there is still no evidence of the existence of these heavily obscured quasars at high
redshift, even in deep stacking analyses [45].

If they exist it will be important to try and observe these systems directly, since dur-
ing luminous accretion SMBHs are acquiring most of their present day mass, erasing
valuable information regarding their initial conditions.

Volonteri [46] discusses Monte-Carlo simulations of SMBH growth in a merger driven
accretion scenario via a Press-Schechter formalism. Starting with different initial seeds
each object accretes an amount scaled to the mass-dispersion velocity relation of its
host. Expectations for the integrated co-moving mass densities in SMBHs seeded by
early (i.e. population III stars; primordial BHwere not considered) and late time objects
(gas and stellar cluster collapse), are indistinguishable up to the peak of quasar activity
at z ∼ 2.5, but become rapidly more distinguishable with increasing look-back time.
The related observable; the accreted mass density, does not diverge until look-back
times corresponding to z & 10.

One must determine the accreted mass density in SMBHs from observations of both
obscured and luminously accreting SMBHs. We are already able to detect the most
luminous quasars but the steep faint end slope of the quasar luminosity functionwould
imply that these are only the tip of the iceberg. In the future the James Webb Space
Telescope (JWST), will detect the more typical quasars with masses in the range 105 -
106M⊙. The Atacama Large Millimetre Array (ALMA) will peer through the dust to
perhaps detect thermal emission from future quasars in obscured star forming galaxies.
Dark energy orientated projects such as the Large Synoptic Survey Telescope (LSST)
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and the European Space Agency’s Euclid mission are expected to detect significant
numbers of luminous quasars at z ∼ 10 on a similar time frame.
Thus in the not too distant future we can expect this field to benefit from an observa-
tional complement to theory, with quasar research playing an “active” and prominent
role.

1.1.4 Massive galaxy formation and assembly

Correlations between SMBH masses and the properties of their host galaxies are well
established [44, for a review]. Coupled with the realisation that SMBHs reside at the
centres of most massive galaxies [47], this points to a scenario in which the evolution of
the nucleus and spheroid are governed by the same physical processes. Indeed galaxy
mergers and interactions are believed to be a catalyst for both BH growth and star
formation, providing the dense environments favoured by stellar collapse as well as
transporting fuel to the galactic nucleus to trigger the quasar luminous phase.

The peak in quasar activity occurred at z ∼ 2.5 and actively accreting BHs exist at
z > 6.5. Around the same time massive galaxies were rapidly forming stars and their
remnants are visible today as old population gas poor ellipticals. Their gas rich pro-
genitors, formed at high redshift, are commonly thought to be ultra-luminous-infrared-
galaxies (ULIRG). The initial evolution of these galaxies is enshrouded in dust in which
there is evidence for massive rates of star formation and Compton thick X-ray sources
[48]. This allows the entire system to undergo rapid chemical evolution in relative
obscurity, before a combination of star-formation, BH feeding and feedback from the
quasar outflows allows the breakout of the visibly luminous nucleus and the beginning
of the quasar phase.

The study of quasar host galaxies is offering support for this evolutionary paradigm.
For instance elemental abundances in broad lines originating from the nuclear region
(Broad Line Region; BLR) are a direct probe of past star formation during the non-
luminous phase of evolution.

Among the important results is that there is a lack of metal evolution in the rest-frame
ultra-violet spectra of quasars, which show metallicities typically 2-5 times solar at all
redshifts [37, 49, 50]. Seemingly all SMBH hosts have reached their heights in chem-
ical enrichment prior to becoming luminous quasars, supporting the case for a dust
obscured phase of evolution.

Secondly a correlation between metallicity and luminosity is understood as a mani-
festation of the well known mass-metalicity relation in normal galaxies [51], provided
of course that the galaxy-BH mass correlation holds true at high redshift. This would
suggest that the most massive quasar hosts build up their stellar mass more efficiently
than their low mass analogues.
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The use of quasars as probes of these processes is unique in this respect since they offer
the only chance to obtain non-transient high signal-to-noise spectroscopy. Normal field
galaxies are, for now, just too faint to attempt similar observations [52], while GRBs are
short lived.

Ongoing star formation in quasar hosts can be probed via radio observations of the
cool dust from which stars are born. Similarly warm dust resulting from the heat-
ing generated by star formation emits in the sub-millimetre. In general these observa-
tions imply the presence of huge dust reservoirs ∼ 108M⊙ and star formation rates of
103M⊙year−1 [53] implying huge star burst activity co-eval with BH growth. High-z
quasar hosts show far-infrared excess compared to their low-z counterparts and their
spectral energy distributions (SED) are consistent with the far-infrared to radio corre-
lations found in low-z star forming galaxies. The implied high rates of star formation
in these galaxies are consistent with the picture of quasars in their luminous phases
having just broken through a vale of dusty star formation.

Regions of highly excited CO show evidence of warm gas on scales of kpcs with den-
sities similar to that seen in Galactic giant molecular clouds [54]. The findings are
consistent with the picture from the BLR over galactic scales suggesting that even the
host galaxies of quasars are highly enriched at early times.

These are but a few of the recent radio and far-infrared studies of the oldest galaxies
which have focused their attention almost exclusively on quasar hosts. With the excep-
tion of a small number of gamma-ray bursts, quasars are the only high-z objects with
spectroscopic redshift determinations that allow for bandwidth limits to be placed on
millimetre line observations. Radio observations are also limited to the most massive
galaxies at high-z so quasar hosts are natural targets since they represent the most bi-
ased events of galaxy formation in the Universe.

Huge dust reservoirs present in galaxies just 1Gyr after the Big Bang must have been
built up rapidly. The presence of hot dust in quasar hosts is indicated by their near-
infrared continua excess, a result of direct heating by the central engine, which is ubiq-
uitous in quasar hosts at lower redshifts. Tentative recent results have found systems
deficient in hot dust in quasar hosts at high-z [55]. At low-z dust in quasar hosts has
been reprocessed and recycled between galaxies and the intergalactic medium and thus
BH-mass is not a good diagnostic of dust mass, however at high-z there is a clear trend
towards the dustier systems harbouring more massive BHs again pointing to co-eval
growth. Dust deficient systems harbour the least massive BHs but have high Edding-
ton ratios, suggesting that they are undergoing rapid accretion but are too young to
have built detectable levels of dust in the vicinity of the central engine.

These results are so far limited to a few examples at high-z and further more, examples
of (all be it less extreme) hot-dust deficient quasars have been found at z < 4 [56]. Other
mechanisms can be invoked to explain the presence of these systems at significantly
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lower redshifts, but if there is truly an evolutionary link one would expect to find that
the frequency of these objects increases at higher redshifts.

The use of hot dust as a probe of the interplay between galaxy assembly and growing
BHs is yet another key diagnostic unique to quasar hosts.

1.2 Optical & near-infrared quasar searches

The first quasars were discovered in the third Cambridge catalogue of bright radio
sources by virtue of their near spatial coincidence to star-like objects [57]. Soon after
the initial discoveries Ryle and Sandage [58] identified a number of sources with quasar
like properties lacking radio emission. It soon became clear that the radio loud quasars
represent only a ∼10 per-cent subset of the entire class. Despite this, significant num-
bers of radio selected quasars exist in the literature, owing to the availability of deep
radio surveys that cover extensive areas of sky [e.g. 59].

As the need for equally large radio quiet data sets developed, attention was paid to
optical quasar selection. The field benefited greatly from the arrival of the automatic
plate measuring machines and multi-fibre spectroscopic facilities. Early techniques
relied on photometric detections of the ultraviolet excess (UVX) making quasar U-B
colours distinct from stars [e.g. 60, 61]. Unlike radio searches, UVX selection is subject
to sizable levels of contamination, principally from white dwarfs and other hot stars.
Consequently, spectroscopic conformation is necessary to identify false positives. Nev-
ertheless the UVX technique is still reasonably efficient (especially at faint magnitudes
where the number of contaminants decreases appreciably) and has remained effective
in the identification of quasars up to z . 2. Beyond z = 2 the Lyα transition is shifted
out of the ultra-violet and the stellar and quasar U-B colours become indistinguishable.

Further progress was made most notably by slitless spectroscopic and multi-colour
surveys. Slitless spectroscopy identifies quasars via their strong emission lines on low-
dispersion objective-prism photographs. The technique was transferred to large four
meter class telescopes by use of either a grating prism combination (grism) or a grating-
lens combination (grens). The introduction of these elements significantly improved
the sensitivity of slitless spectroscopy. The approach has delivered large data sets of
objects spanning ranges of approximately 0 to 4.5 in redshift [e.g. 62, 63].

The use of slitless spectroscopy has become somewhat less popular in recent years due
to the fact that it is plagued by unwanted selection effects. The technique is naturally
affected by the strength of emission lines, which introduces redshift related bias as
strong lines are shifted in and out of the relevant passbands. Line detection is also
highly dependant on seeing conditions, detector response and wavelength dependent
dispersion. Further difficulties arise in placing a limiting magnitude on surveys. The
conclusion is that most slitless spectroscopic surveys are rather incomplete.
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The vast majority of confirmed quasars have been selected by virtue of their location in
multicolour space. The technique was pioneered in the late 1980s and early 90s [64–66]
and led to the discovery of the first z∼4 quasars [67], paving the way for truly massive
multi-colour surveys of modern times.

In the last decade, optical surveys such as SDSS and the Canada France High Redshift
Quasar Survey [CFHQS; 68] have discovered ∼ 50 quasars at z ∼ 6. At the single scan
sensitivity limit of the Sloan camera (z ≃ 21.0) the surface density of z ≥ 6 quasars
brighter than z ≤ 21 is of order∼ 0.01deg−2, so this represents a considerable achieve-
ment.

The key to the photometric detection of a strong z ∼ 6 quasar candidate is to isolate the
characteristic flux break blueward of the Lyα transition brought about by the thickening
of the Lyα forest towards higher redshifts. Colour selection techniques exploit this
break by placing a blue observing band across the Lyα transition and a further band just
redward. Objects suitable for follow-up spectroscopy should then present themselves
as extremely red faint point sources. A carefully placed colour cut is usually sufficient
to confine the most interesting sources to a region of colour space distinct from most
main sequence stars and galaxies. In principle, this facilitates candidate selection in just
two passbands, but in practise a third passband is necessary to permit a measurement
of the continuum level redward of Lyα as a means of reducing contamination from
cool degenerate stars. This is the technique pioneered by the SDSS and adopted in
the CFHQS; both make initial selections in i − z and take followup J-band imaging of
promising candidates prior to spectroscopic confirmation.

At z > 6 Lyα begins to shift out of the Sloan z band and while some current projects
like the Panoramic Survey Telescope and Rapid Response System [Pan-STARRS; 69]
aim to progress towards higher redshifts in a predominantly optical parameter space
(by selecting i dropouts) faint optical detections make it difficult to reject the numerous
Galactic stars with scattered quasar like colours that can out number high-z quasars by
a factor of 104.

To this end a number of other surveys have taken a different approach, employing the
near-infrared as their selection space, a tactic which has had recent encouraging success
in the UKIRT Infrared Deep Sky Survey [UKIDSS; 70]. One of the innovations behind
the UKIDSS photometric system, was to recognise that near-infrared filter combina-
tions incorporating z JH and K alone are inadequate for z > 6 quasar selection, since
cool star spectra tend to peak in the near-infrared and crowd the quasar colour-colour
locus [71]. The solution was to introduce an observing band intermediate between z
and J and was put forward by Hewett et al. [72]. The Y band filter was optimised for
this purpose and has been used to great effect in the UKIDSS Large Area Survey (LAS),
where seven z > 6 quasars have been identified up to the UKIDSS data release eight
[37, 73–76].
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Figure 1.3: VISTA, overlooked by the VLT telescopes. ESO Cerro Paranal observatory,
Chile (credit: G. Hüdepohl).

Working in the same parameter space as UKIDSS is the European Southern Observa-
tory’s (ESO) Visible and Infrared Survey Telescope for Astronomy [VISTA; 13], a 4-m
class wide field survey telescope located in Chile. More than 80 per cent of VISTA time
is devoted to running a suite of six public surveys, which delivered their first public
data releases to ESO in mid 2011. Several of these projects are expected to return a sig-
nificant number of high-z quasars. This thesis proposes to search VISTA data for the
most distant quasars yet discovered.

1.3 VISTA

At the time of writing, VISTA is the latest addition to ESO’s fleet of world class tele-
scopes. VISTA is currently (in 2011) the world leading facility for wide-field large area
surveys in the near-infrared.

VISTA was originally conceived and developed by a consortium of 18 UK universities
and was transferred to ESO as part of the UK’s accession agreement.

The VISTA site is located on a peak at ESO’s Cerro Paranal observatory in Chile some
1500m from the main summit on which is housed the ESOVery Large Telescopes (VLT,
figure 1.3). The area of the Atacama desert host to VISTA is believed to be the driest
place on Earth and as such is an ideal site from which to base a near-infrared telescope.
Lying some 12 km inland from the Pacific coast and 2,500m above see level the site is
extremely remote. Excellent atmospheric conditions ensure that the sky is photometric
78 per cent of the year round and that the seeing full-width-half-maximum (FWHM) is
0.66 arcsec at the 50th percentile. Here the working design of VISTA is described, the
section broadly summarises an in depth and detailed description given by Emerson
et al. [13] and references therein.

The design of the telescope and camera were optimised jointly for efficiency, image
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quality and sensitivity to fully exploit the followup capabilities of current 8-m class
telescopes. A large field of view is therefore a necessity and VISTA was designed as a
4-m class telescope. The overall solution is a quasi-Ritchey-Chretien arrangement with
the joint design of both telescope and camera. There is significant aberration from the
two mirrors which is corrected in the camera by three field corrector lenses. Thus the
telescope is not conducive to the mounting of more general instruments, but in tandem
with the VISTA infrared camera (VIRCAM) the overall system introduces negligible
chromatic aberration over a 1.65deg2 field of view.

VIRCAM incorporates a novel design feature to reject infrared background. Conven-
tionally this is achieved via a cold stop design, but because of design issues with the
cold stop route – the use of lenses was rejected due to manufacturing difficulties, while
mirror based designs lead to obscuration and accommodation issues – instead VIR-
CAM incorporates a long cryostat baffle enclosure at the front of the camera. The
design ensures that the solid angle of warm exterior seen by the detector array is as
small as possible and does not incorporate any part of the telescope other than the pri-
mary mirror. A warm reflective baffle is incorporated around the secondary to block
sky-emission. The result is that the detectors see only the thermal contributions from
the primary, secondary, spider and cryostat window, which would be unavoidable in
a cold stop design, plus a small excess from the reflective warm baffle. A cutaway of
VIRCAM showing the baffle arrangement is given in the left panel of figure 1.4

The detector array contains 4× 4 RaytheonVIRGO 2048× 2048 HgCdTe infrared detec-
tors, the largest infrared array manufactured to date. The operating wavelength range
is from 800 to 2500Å. The detector quantum efficiencies (QE) are high and fairly flat
with wavelength; there is a gradual decline from λ ∼ 1.2µm to 0.9µm, followed by
a sharp cutoff at λ ∼ 0.81µm due to absorption in the CdZnTe “substrate” (see Fig-
ure 1.5). With the 4-m f/1 primary combined with the 1.24-m secondary the resultant
beam size is f/3.26, which corresponds to 0.34 arcsec on-sky pixels of 20µm in scale,
this makes for excellent image quality at the sites 0.66 arcsec median seeing.

Since the array is not edge buttable, there are significant gaps in the focal plane. A
single integration therefore produces a sparsely sampled image of the sky referred to
as a ‘paw-print’. The space between detectors is optimally filled in via a minimum of
six sequential pointings. The optimal dithered offsets are; starting with an exposure
at the initial position, two dithers in the y (azimuthal) direction a distance 0.475 of a
detector height, with an exposure at each offset position, and then a dither offset in the
x (equatorial) direction a distance 0.95 of a detector width, with a fourth exposure. Fi-
nally, there are two more dithered offsets and exposures in the −y direction each offset
from the last a distance 0.475 of a detector height. The right hand panel of figure 1.4
clarifies this procedure.

The filters are placed across the detectors via 1.37-m diameter filter wheel. The phys-

28



CHAPTER 1: INTRODUCTION

Figure 1.4: Left: VIRCAM cutaway showing the cryostat baffle arrangement and cor-
rector lenses (credit: VISTA). Light passes through the camera window at the top of
the baffle tube, through the baffle tube, through the three corrector lenses and is fo-
cused on to the detector having passed through the filters. Right: The full tile image
(c) is made from a series of six paw prints (b) by offsetting each pointing (a) such that
each sky position is covered at least twice on two different pixels (credit: VISTA).

ical filters for VISTA each comprise 16 separate pieces of glass (one per detector) in
a metal framework, since monolith filters would need to be over 300mm corner-to-
corner which could not be manufactured at the time of ordering (and, probably not
today). The current filter setup is defined for the ESO VISTA public surveys and incor-
porates five broad band filters at Z, Y, J, H, Ks and a narrow band filter at 1180Å.

In comparison with the UKIDSS Wide Field Camera (WFCAM), the Z, Y and H filters
are very similar; the Ks filter is preferred over the WFCAM K filter due to the warmer
site at Paranal compared to Mauna Kea. The VIRCAM J filter has very similar central
wavelength but is slightly wider than WFCAM J.

From the above, there are no sharp features in the telescope and instrument responses
in the bandpasses in use, i.e. the detector blue cutoff is shortward of the blue edge of the
Z filter, and the detector cutoff at ∼ 2.5µm is longward of the Ks filter, so the effective
bandpasses are primarily defined by the filter transmission curves, with small mod-
ifications due to the coating ripple and some minor atmospheric absorption features
inside the filter passbands.

Each component of the system throughput; that is the telescope, detector QE, mirror
reflectivity and atmospheric transmission, as well as the combined system throughput
is shown in figure 1.5.

1.4 VIKING

VISTA is currently running a suite of six public surveys, which deliver public data
releases to ESO. Table 1.4 summarises each of the surveys by area, nominal depth and
filter coverage and figure 1.6 shows the survey footprints overlaid on a Two-micron all
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Figure 1.5: Components of VISTA throughput; atmosphere (thin black), primary and
secondary mirror reflectivity (red), detector quantum efficiency (blue), filters (thick
black). The component transmission curves are available from ESO and were com-
bined to give the effective throughput (grey).

Survey Area (deg2) Depth (5σ Vega)
UltraVISTA 0.73 Y=26.1, J=25.7, H=24.7, Ks=23.8
VIDEO 12 Z=25.2, Y=24.0, J=23.6, H=22.6, Ks=21.7
VMC 184 Y=21.9, J=21.4, Ks=20.3
VVV 520 Z=22.7, Y=22.0, J=21.0, H=19.0, Ks=18.9
VIKING 1500 Z=22.6, Y=21.7, J=21.1, H=20.1, Ks=19.4
VHS 20000 Y=20.6, J=20.3, H=19.2, Ks=18.2

Table 1.1: A summary of the VISTA public surveys. The quoted depths are theoreti-
cal, the measured depths vary from these especially in the J-band, see the end of the
current section for realistic VIKING depths.

sky survey [2MASS; 77] image of the sky. A full description of each of the surveys and
their science goals is given in [78].

The more relevant surveys for the detection of z & 6.5 quasars are the VISTA deep
extragalactic observations survey (VIDEO), the VISTA hemisphere survey (VHS) and
VIKING. VIDEO and VHS are more sensitive to the faintest and brightest quasars re-
spectively. The brightest quasars are intrinsically rare and they are hosted by the most
massive galaxies in the universe. These galaxies represent 5 - 6σ peaks in the cosmic
density field and in order to discover significant numbers, a survey needs to be ex-
tremely wide but may be relatively shallow. The VHS fulfils these demands and is
expected to contain several bright z & 6.5 quasars.

VIDEO will be sensitive to quasars hosted by less extreme systems, such systems are
ubiquitous throughout the early Universe, but until now have been invisible to our
telescopes since they are simply extremely faint. VIDEO is expected to contain perhaps
one or two of these objects.
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Figure 1.6: Footprints of the VISTA public surveys overlaid on an all-sky image from
the 2MASS all-sky survey (credit: ESO).

VIKING forms a natural intermediate between VHS and VIDEO by targeting patches
totalling 1500deg2 with coverage mostly in the southern hemisphere. VIKING will
look for bright quasars at depths of ∼ 1 mag fainter than the VHS and is expected to
return a significant (> 10) number of high-z quasars. The exact sky coverage is for
the most part rigid but there is some flexibility in allowing for maximum synergy with
other projects as they and VIKING evolve.

At the time of writing the planned sky coverage comprises two main stripes; an equa-
torial stripe along the north galactic cap (ngc) at 10 h < Ra < 15h30m, −05d < dec <

+04d, and a southern stripe crossing the south galactic pole (sgp) at 22 h < Ra <

3h30m, −36d < dec < −26d; plus a smaller outlier field incorporating the Galaxy
and Mass Assembly [GAMA; 79] 09 field.

This sky coverage includes almost all of the Two-degree Field Galaxy Redshift Survey
[2dFGRS; see e.g. 80], and is common with that of the planned VLT survey telescope
Kilo-degree Survey [VST-KIDS; 78], an optical imaging survey over the Sloan u, g, r
and i passbands. Upon completion, VIKING and KIDS will yield a nine band opti-
cal to near-infrared imaging survey with significant improvements in resolution, and
gains in depth of ∼1.4mag and ∼2mag over UKIDSS-LAS and SDSS respectively. The
VIKING/KIDS areas also contain all of the southern and equatorial Herschel-ATLAS
fields [81], and are optimally placed for followup from southern telescopes including
ESO telescopes such as the VLT, ALMA and the Extremely Large Telescope (E-ELT).

To achieve VIKING’s science goals (which other than high-z quasars include accurate
photometric redshifts, weak lensing analysis and the observation of baryon acoustic os-
cillations, galaxy cluster searches, the study of galaxy stellar mass content and searches
for cool stars) , coverage in all five of VISTA’s broad band filters is required. The best
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seeing at Paranal is not required as morphological analysis of extended sources for
galaxy structure studies will come from the VST’s r-band, however the seeing must
not degrade colours measured in the default 2-arcsec aperture and the requested see-
ing threshold is ≤ 1.0 arcsec. This is sufficient to allow most faint point sources, i.e.
stars and importantly quasars, to be clearly distinguished from galaxies by their mor-
phology given a detection in multiple VIKING bands alone.

The observation strategy is mostly dictated by the fact that the VIKING Z-band obser-
vations, must not lag the KIDS coverage, which is the faster of the two surveys. Thus
observation in all five passbands during the same observing block is undesirable and
instead each pointing is observed in two visits, whereby the J-band observations are
split into equal time slots such that Z, Y and J1 are obtained first and J2, H, Ks are
observed a few weeks or months later.

This arrangement is beneficial to the quasar search since high-z quasars are faint in
Z. Proper motion objects move between observations separated by long time lags and
this can cause them to look like Z band dropouts (suggesting a high redshift) where an
object has moved between Z and J observations. The fact that Z and J are taken near
simultaneously avoids any chance of spurious Z dropouts being mistaken for high-z
quasar candidates. The second pass in J a few weeks later will identify objects with
small proper motions, which can pass in front of stars, altering their measured pho-
tometry.

VIKING will detect in excess of 6× 106 stars and 20× 106 galaxies. The survey is cur-
rently delivering 5σ limiting depths of Z ≃ 22.4, Y ≃ 21.4, J ≃ 20.9,H ≃ 19.9 and Ks ≃
19.3 (Vega); slightly below nominal. Nevertheless this architecture forms an ideal
working parameter space for the discovery of a significant sample of 6.5 ≤ z ≤ 7.5
quasars. This thesis concentrates on the search for high-z quasars in VIKING.
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Data quality control

The first full depth VIKING catalogue became available to the VIKINGworking group
in April 2011. Users of this initial release were in effect trialing previously untested
products so before attempting any science, it was a good idea to obtain a broad overview
of the integrity of the pipeline processed photometry and identify any quality issues in
the catalogues that may inhibit quasar searches. The distribution of catalogue data to
the community is through the VISTA Science Archive [VSA; 82] and this is the starting
point for the analysis of all data in this thesis. Thus before analysis of any data for
quality issues or otherwise it is useful to look briefly at the VSA.

2.1 The VISTA science archive

Over their lifetimes the total raw data collected by the six VISTA public surveys will
amount to several hundred terabytes. For the typical computational resources of the
average astronomer, bulk download and processing on this scale is simply impossi-
ble. For this reason the VSA was developed as the primary database of all image and
catalogue data products generated by VIRCAM. The VSA is a relational database man-
agement system, matching data based on common characteristics and presenting it
grouped on these characteristics in a related set of tables. Users may query and down-
load data remotely via the provision of custom built tools that allow one to define data
subsets and optionally to process query results on the fly.

The VSA is one component of the VISTAData Flow System [VDFS; 83], which also com-
prises of the VISTA [84] pipeline at the Cambridge Astronomical Survey Unit (CASU).
The VSA inherits pipeline processed data in the form of reduced images and calibra-
tion frames, and information collectively known as ‘meta-data’ encompassing e.g. the
observation dates, the environmental and weather conditions, the instrumental perfor-
mance at the time of each observation, etc.

As discussed in chapter 1, VIRCAM covers a 1.65 degree diameter field of view with
sixteen non-buttable 2048 × 2048 pixel infrared detectors. Hence a minimum of 6 se-
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quential offset pointings are required to give a satisfactory sky coverage. The primary
science image component in the VSA is thus a tile, produced by stacking the individ-
ual dithered pointings consisting of the sixteen detector images collectively known as a
Multiframe to fill in the gaps between the individual detectors. In the case of VIKING,
tiles can be simply stacks from a single observation block or deep stacks where the
same pointing has been visited at two or more distinct epochs, as is the standard for all
VIKING J-band observations.

Each tile image is supplied with single passband extracted catalogues which contain
the basic photometric measurements and measurement errors, along with 80 or so
other standard quantitative attributes describing various aspects of e.g. photometry,
morphology, astrometry and quality control fields such as atmospheric seeing and ob-
servational zero-points.

The full depth catalogues are extracted from these tiles and subsequently band merged
whereby passband level or single epoch detections are combined to produce multi-
colour, multi-epoch records. A subset of the most useful standard attributes are prop-
agated into merged catalogues and where appropriate these attributes are recalculated
to reflect the extra information provided by the inter-detector, -band and -epoch asso-
ciations. The result of these curation steps is a set of linked tables containing the data
and images relevant to each imaging event, preliminary processing task, individual
detection to full band-merged source.

The VSA may be queried via the Structured Query Language (SQL) and several other
interactive web forms allowing a high degree of versatility.

2.2 Repeatability

With a VIRCAM integration producing a sparsely sampled paw-print image of the
sky, 6 offset pointings are required to fill the gaps between detectors. The 6 offset
steps are combined resulting in a tiled image of the sky covered by a minimum of two
pixels. The same approach is followed on subsequent nights so that one may check the
reproducibility of the photometry by comparing measurements of the same sources
between both paw-prints and tiles.

Figure 2.1 shows the root-mean-square (rms) residuals of repeat observations in mag-
nitude bins of width 0.5mag. Since the mean is more sensitive to outliers, the rms
is calculated here as rms = σm/

√
2, where σm is the standard deviation of residu-

als in magnitude bins and is calculated via the median absolute deviation (MAD) as
1.48× MAD.
Objects within 10 arcsec of detector edges are omitted from the selection. The VIKING
survey requirement is for a 2 per cent uncertainty on the photometry of bright stars
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taken on photometric nights, which corresponds to an rms residual of∼ 0.02 in magni-
tude and is shown by each of the blue lines in figure 2.1. Crosses are the rms residuals
while red-points are the estimated errors from the archive which are based on source
counts and local background and do not contain contributions form the calibration pro-
cedure. Therefore they under-predict the rms residuals, especially at the bright end.

The overall indication from figure 2.1 is that the nominal high quality calibration re-
quirements are broadly speaking, achieved in the initial VIKING release and one can
be confident of scientific inferences based on VSA photometry.

2.3 Offsets from the Vega system

VISTA photometry is calibrated by CASU with reference to a set of 2MASS standards,
which have beenmeasuredwith reference to the spectrophotometric standard star Vega
(α−Lyrae). This implies that Vega is a zeroth magnitude star in all VISTA bandpasses.
The CASU calibration involves measuring the offsets between the 2MASS standards
and VISTA observed stars via a set of colour equations1. Since 2MASS photometry was
measured in the J, H, Ks bands alone, the basic assumption is that the 2MASS colour
equations can be linearly extrapolated to cover the VISTA Z and Y bandpasses. Any di-
vergence from linearity will result in an offset from the Vega system in the extrapolated
wavelength region.

A similar occurrence was noted by Hodgkin et al. [85] in UKIDSS data release (DR)
2, where a rigorous analysis of the Z, Y, J, H and K photometry against the overlap-
ping SDSS footprint found a significant offset in the Y-band. A similar analysis for
VISTA will no doubt be attempted when the catalogues are diverse enough to make
precise measurements. However in later chapters of this thesis, we shall be synthesis-
ing Vega zeroed photometry and it is important to at least tentatively determine any
offsets present before we begin.

At the time of this analysis the VSA contains the latest v1.0 VIKING catalogue, con-
taining data up to July 2010. The release comprises of some 200deg2 of imaging in Z,
Y, J and 120deg2 of imaging in all five bands; 90deg2 of this has complementary SDSS
overlap. Offsets in this data set are measured following the approach of Hodgkin et al.
[85]. The maximum likelihood fitting procedures referred to throughout this section
are summarised in appendix A.

A sub-sample of high signal-to-noise (S/N ≥ 10.0) point-like sources detected in both
VIKING and the SDSS was defined and those sources with Vega like SDSS colours i.e.
A0 stars with u− g, g− r, r− i and i− z in the range -0.1 to 0.1, were flagged. Figure 2.2
1Note that the VISTA photometric system is tied to, but distinct from 2MASS. See

http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/photometric-properties for further in-
formation on the calibration process.
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Figure 2.1: The rms residuals of repeat observations of VIKING sources in regions
between dither offsets and tile overlaps. Crosses are rms residuals, while circles are
pipeline errors which account for photon and sky background noise only. Pipeline
errors underestimate residuals indicating some level of calibration error, which dom-
inates at bright magnitudes. The dotted line indicates the survey goal, of 0.02 mag
residuals for bright stars on photometric nights. The figure indicates that this goal is
broadly achieved in the first full depth VIKING release.
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Figure 2.2: The VIKING J, H, Ks colour plane for high confidence stellar sources
matched in VIKING and SDSS. Blue points are stars with Vega like colours in all SDSS
passband combinations. Red crosses are synthetic photometry from the BPGS spec-
troscopic atlas [2].

plots the J, H and Ks colour-colour diagram for this set of sources. Blue points show the
photometrically selected sample of A0 stars. Few of these objects are actually observed
by VIKING since they are short lived and mostly dead in the Galactic halo. Where
they are detected by VIKING in the Galactic plane they are invariably saturated. The
small number of these objects highlights the difficulty of investigating the VIKING
colours at this early stage. Themedian colours of this sample are J−H = 0.005 ± 0.038
and H− Ks = 0.033 ± 0.023 (where the median absolute deviation has been used to
estimate the standard deviation), which perhaps hints at small offsets in one or both
of H/Ks. Given that each of these colours has been directly calibrated from 2MASS
standards, the analysis is continued assuming that any offset in these passbands is
small. It will be shown shortly, that there is evidence that this assumption is a good one.
Also plotted in figure 2.2 are red crosses, which show the synthetic colours of the stellar
sequence derived from the BPGS spectroscopic atlas [2] (see chapter 3). The synthetic
locus is in overall good agreement with the locus of bright stars in this colour-colour
space, apart from a slight deviation at red J−H colours. The source of this deviation is
currently under investigation.

Following Hodgkin et al., the baselines on each Z, Y, J, H and Ks colour-colour combi-
nation are extended in one direction by plotting all possibilities against u−Ks. Offsets
from zero are thenmeasured from straight line fits to the data. To clarify this procedure
the fits to each colour combination are shown in figure 2.3. Due to limited statistics our
approach to the fitting differs slightly from Hodgkin et al. [85] who bin their data and
take measurement errors based on standard deviations on binnedmedian values. Con-
versely our approach is to fit to the photometrically selectedA0 stars and retrieve errors
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Figure 2.3:Maximum likelihood fits to stars with Vega like colours in SDSSwith coun-
terparts in VIKING. The results are summarised in table 2.1 and in the main text.

directly from the maximum likelihood fitting procedure. The results show appreciable
offsets in the Z and Y bands only. These are summarised in table 2.1. The correspond-
ing offsets found in the J, H and Ks bands are consistent with zero; ∆JH = 0.006 ± 0.004,
∆JKs = 0.008 ± 0.005, ∆HKs = 0.013 ± 0.006.
A further two results are shown in table 2.1, these were obtained by fitting to the blue
end of the stellar locus from all the bright stars in the original selection. Again a straight
line maximum likelihood fit is applied in the Z, J, Ks and Y, J, Ks colour-colour spaces
and the offsets from the origins are measured. The best fitting lines are shown in fig-
ure 2.4 and the measured offsets in both the Z, J, Ks and Y, J, Ks colour spaces are
summarised in table 2.1. In these cases the measured offsets are slightly larger than
those measured in the VISTA-SDSS colour-colour spaces. Thesemay well be attributed
to small offsets in the J or Ks passbands as tentatively suggested by figure 2.2. Individ-
ual offsets to the J, H and Ks passbands implied by these fits are clearly smaller than
those attributed to Z and Y and will not present significant problems in the following
sections.
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Figure 2.4: The VIKING Z, J, Ks and Y, J, Ks colour planes for high confidence stellar
sources matched in VIKING and SDSS. A sample of blue stars is plotted with filled
circles, obvious outliers were clipped from the sample and are shown in red. The blue
line shows the maximum likelihood straight line fit to this distribution, while the red
line shows the fit to the main sample. The Z and Y band offsets are measured from the
blue star intercept to the origin.

∆Z ∆Y
∆ZJ, ∆YJ −0.111 ± 0.002 −0.082 ± 0.002

∆ZH, ∆YH −0.109 ± 0.004 −0.086 ± 0.004
∆ZKs, ∆YKs −0.096 ± 0.006 −0.073 ± 0.005
∆ZJKs, ∆YJKs −0.146 ± 0.003 −0.135 ± 0.003
Mean −0.116 ± 0.008 −0.094 ± 0.007

Table 2.1: Summary of Z and Y offsets from the Vega system.
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VIKING-VIDEO

VIKING shares a region of partial overlap with two narrow field deep surveys; VIDEO
and the Canada France Hawaii Telescope Survey (CFHTLS). VIDEO covers 12deg2

over three fields in the sgp. The region of overlap with VIKING is ∼ 1deg2 centred
on the VIDEO tile at Ra = 02h 26m00s and dec = −04◦ 30m00s (the VIDEO-XMM3
field). Like VIKING, VIDEO observes in the ZYJHKs passbands, with 5σ limiting
depths of Z=25.2, Y=24.0, J=23.6, H=22.6 and Ks=21.7, corresponding to an approxi-
mate ∼ 2.5mag gain over VIKING.
CFHTLS was carried out between 2003 - 09 with joint Canadian-French grey and dark
time on the wide field imaging camera, MegaCam. The survey includes a number of
fields varying in depth and area. In particular four deep fields were imaged in SDSS-
like passbands to 5σ limiting depths of uCFH = 26.6, gCFH = 28.0, rCFH = 27.6, iCFH =

27.0 and zCFH = 25.7. The Deep field 1, shares ∼ 1deg2 of overlap with VIKING and
VIDEO.

The deep optical and infrared imaging of VIKING sources in this region, is a valu-
able commodity that may be put to good use in investigating the nature of very faint
VIKING sources. As we shall see in chapter 3, combinations of optical and infrared
colours allow very accurate star-galaxy classifications to be made. VIKING sources
were matched to VIDEO sources and then to CFHTLS sources producing a nine-band
optical to near-infrared data set. The resulting catalogue is hereafter referred to as the
VVC catalogue. The exact relevance of this data set will become clearer in subsequent
sections.

The VIDEO catalogue was produced by a team at the University of Hertfordshire
whereas the VIKING catalogue has been produced by the VDFS. Differing reduction
procedures have likely led to small systematic offsets between the two data sets. In
order to make comparisons between the two catalogues any systematics need to be
accounted for i.e. the two catalogues need to be placed on a the same photometric sys-
tem. At the time of writing the Z-band VIDEO photometry is unavailable, fortunately
Y and J photometry is sufficient for applications in this thesis. Figure 2.5 plots offsets in
VIKING-VIDEOYJ photometry against VIKINGY and J for stars in the VVC catalogue
(see chapter 3). Offsets from zero are clear and appear to be close to linear at least for
bright stars of Y or J ≤ 19. Straight line fits to each of the plots between 15 ≤ Y ≤ 19
and 15 ≤ J ≤ 19 show slopes consistent with zero. The fitting is summarised as follows
YVIKING − YVIDEO = −0.38 and YVIKING − YVIDEO = −0.29.
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Figure 2.5: Offsets between VIKING and VIDEO photometry for stars in the VVC
catalogue due to differences in reduction procedures including default aperture
radii. Straight line fits to the data indicate zero slope and offsets of the form
YVIKING − YVIDEO = −0.38 and YVIKING − YVIDEO = −0.29. A description of the fit-
ting procedure is given by Williams et al. [3]

2.4 Bright star halos

Two data quality issues arise near the vicinity of bright stars. The first is that a star will
produce diffraction spikes caused by a ‘tree-ring’ like pattern of small imperfections on
the primary mirror. By some complicated optical process, local maxima are produced
and are interpreted as detections by the CASU source extractor. Inmost cases the detec-
tions have large ellipticities and are flagged as extended as in figure 2.6, which shows
detections around the same bright source in three different bands. Extended sources
are plotted in green and point-like sources are shown in blue.

Since these events are not real detections they are not matched across bands and are
easily removed where the particular science application requires multi-band photom-
etry. Inevitably though a fraction of these artifacts are falsely matched between bands
and can produce spurious sources in an otherwise well constrained catalogue.

The second issue is regarding real sources with spurious photometry. When a source is
in the near vicinity of a bright star, its photometry may be affected by an overlapping
or near coincident diffraction spike or more commonly by a ghost image of the star
produced by the various reflections within the filter and between the filter and the
detector. Examples of such incidents are shown in figure 2.7 (a).

The length of diffraction spikes and the extent of ghosting are strong functions of
brightness of the star. However in the case of the former the complex nature of the
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Figure 2.6: Example of false detections of local maxima produced around the same
bright star in the J, H and Ks bands. Detections are indicated by blue for point-like ob-
jects, green for extended objects and red for saturated objects. Most false detections in
the vicinity of the bright star are flagged as extended and may be removed by query-
ing the VSA for single band detections of extended sources in the vicinity of bright
stars. A fraction of spatially coincident maxima are falsely matched between bands
and these are more difficult to remove, potentially contaminating otherwise well con-
strained catalogues (credit: CASU).

diffraction patternmeans that diffraction spike length is not a simple function of bright-
ness but depends further of the position of the star relative the optical axis of the tele-
scope. Consequently themost straight forward way to remove objects affected by these
appendages is to define a region around a bright star which encloses the vast majority
of the area affected by the diffraction as shown by the highlighted region in figure 2.7
(a). Objects that fall into this region can then be flagged for visual inspection.

To this end, figure 2.8 shows the radii of circular regions affected by diffraction as a
function of J-band magnitude. The use of 2MASS over VISTA magnitudes is necessary
to accurately determine the magnitudes of bright stars since the VIRCAM chips satu-
rate at J . 13, whereas the response of the 2MASS instrument remains linear at much
brighter magnitudes. This additional requirement means that VISTA catalogues must
be matched to the 2MASS point source catalogue (PSC). The VSA facilitates this via
some simple SQL since it stores the 2MASS PSC locally.

Regions around bright stars effected by diffraction spikes were measured visually in
the astronomical imaging and data visualisation application SAOImage DS92, by ad-
justing the radius of a circular region placed on the sky coordinates of the stellar flux
peak as inferred from 2MASS measurements. Given the obviously subjective nature of
this task, there is a surprisingly well defined trend of increasing radius with brightness
visible within the measurement scatter. The trend is fit to the second order polyno-
mial with the IDL3 routine SVDFIT; r = 0.0004 (J 2MASS)2 − 0.0096 (J 2MASS) + 0.0671, as
shown by the red curve.

With an empirical function describing the extent of the of diffraction spikes from the

2http://hea-www.harvard.edu/RD/ds9/
3http://www.exelisvis.com/ProductsServices/IDL.aspx
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(a) (b)

Figure 2.7: Panel (a) shows extensive diffraction related artifacts around a bright star.
These artifacts can produce false maxima or perturb the photometry of real sources.
Consequently detections close to bright stars need to be visually inspected to clarify
the reliability of their photometry. The green region shows an area in which detec-
tions are flagged. A number of these regions were measured in order determine an
approximate empirical relationship between the extent of diffraction spikes and stel-
lar brightness (see text for details). Panel (b) shows ghosting around a bright star
caused by various reflections between the filter and detector interfaces. The nature of
these ghosts are less complicated than diffraction and their extent and position rela-
tive to the associated bright star can be easily modelled. The green region shows the
extent of the largest ghost seen in VIKING images.

Figure 2.8: Radii of regions around bright stars enclosing the majority of diffraction
related artifacts. A few outliers are present from the main distribution but in general
the scatter is small given the subjective nature of the measurements. The distribution
is fit to a second order polynomial; r = 0.0004 (J 2MASS)2 − 0.0096 (J 2MASS) + 0.0671.
By J = 12 diffraction ceases to be a problem around most bright stars.
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intensity peaks of bright stars it is possible to automate the flagging of sources with
potentially spurious photometry via their proximity to the intensity peaks of bright
2MASS stars in VIKING.

A similar approach can be pursued to flag objects in the ghosts of bright stars caused by
reflections between various interfaces in the filter and detector architecture. In general
the ghost pattern is formed of three different reflection combinations forming strongly
defocused images of varying intensity and each are offset from the real image of the
star. This is illustrated in figure 2.7 (b). For the brightest stars, such as that in the
figure, all three ghosts may be visible above the background if not obscured by the
starlight. In the case of figure 2.7 (b) at least two ghosts are visible. As stars become
fainter the ghosts begin to disappear. In order to understand the ghost pattern and
its dependency on brightness it is necessary to look at the optical design of the VISTA
telescope.

Figure 2.9 is a ray diagram superimposed on a simplified schematic of the optical sys-
tem. After reflections from the primary and secondary mirrors, M1 and M2, light is
directed through a vacuum window, WINDOW, after which lie three corrector lenses,
L1, L2 and L3, which direct the light through the filter to the focal point on the de-
tectors. The diagram shows the generation of three different images over the field of
view. In 3-dimensional reality, each image would be focused onto the detector at the
apex of a conical volume. In this 2-dimensional representation three rays are traced
through the optical system. The central ray, known as the chief ray, never meets the
detector since it is obstructed by the secondary mirror. The corrector lenses imply that
the angle between each of the rays originating from the extrema of the field and the
chief ray is 8.75deg and further that the angle between the chief ray and the optical
axis, i.e. the non-telecentricity, is φc1 = 5.9 deg for a star at the corner of the field i.e.
0.825 deg off-axis (half the field diameter). Assuming linearity φc1 is then in general a
factor 5.9/0.825 = 7.15 the star off-axis angle. In the remainder of this chapter, the char-
acteristics of the optical system are used to develop a model to describe the physical
position and extent of the Ghost pattern on the detector array.

Figure 2.10 zooms in on the focus of the blue rays a, b and c in figure 2.9, tracing out the
origin of the smallest ghost via two reflections within the filter. The filter of thickness
h2, is suspended in a vacuum a distance h3 above the detector plane, which is without
15mm for all passbands. The reflected ray paths are depicted by solid black and blue
lines for rays a and b respectively. The paths taken by unreflected rays to the focus are
shown by the thick grey lines and the chief ray is shown by the black dashed line.

The distance dsmall is the diameter of the small ghost, which is equivalent to the extra
path length travelled by each ray in the direction parallel to the detector plane as a
result of the reflections.

The angles φa1, φ
a
2 are related by Snell’s law and the small angle approximation as φa1 ≃
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Figure 2.9: The path of three light rays, a, b and the hypothetical chief ray c, through
the optics of the telescope to focus on the detector are shown in blue. Similar paths
are shown in red and green which focus images elsewhere is the field. The point at
which the blue ray passes through the filter is blown up in figures 2.10 and 2.11 (credit:
VISTA; adapted from original.)
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Figure 2.10: Schematic of reflections from the lower and upper filter-vacuum inter-
faces, which produce the smallest of three circular ghost patterns around bright stars.
The unreflected paths of rays a and b are shown by thick grey lines. A fraction of light
is reflected from the detector and then off the filter. The reflected rays are shown as
black and blue solid lines for a and b respectively. The dashed line shows the hypo-
thetical path of the chief ray c which in reality does not make it to the detector since
its path is blocked be the secondary mirror. a and b are offset from c by an angle of
8.75 deg. The various angles denoted φ show the offsets between each of the rays and
the pointing direction of the telescope, which is at all times normal to the filter and
detectors. dsmall is the diameter of the ghost.
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Figure 2.11: As in figure 2.10 but for the intermediate ghost produced by reflections
from the detector and lower filter-vacuum interface.

η φa2 and similarly φb1 ≃ η φb2, where η is the refractive index of the the filter. Some
straight forward geometry gives

dsmall ≃ 2 h2
[

tan
(φa1

η

)

+ tan
(φb1

η

)]

(2.4.1)

Since rays a and b are offset from the chief ray c by 8.75deg, then φa1 = φc1 + 8.75 and
φb1 = 8.75− φc1. Converting to radians, substituting into equation 2.4.1 and invoking
the small angle approximation gives,

dsmall ≃
h2 0.611

η
. (2.4.2)

The extent of the ghost is thus constant over the field.

The intermediate ghost is produced by a double reflection off the detector and the lower
vacuum-filter interface as shown in figure 2.11. A similar argument as given in the case
of the small ghost yields,

dint ≃ h3 0.611 (2.4.3)

The largest ghost is a result of the combination of reflections that produced the small
and intermediate ghosts i.e. a reflection off the detector and a reflection off the upper
filter-vacuum interface. Thus the extent of the resultant ghost is a combination of those
of the two smaller ghosts,

dlarge ≃ dsmall + dint = 0.611
( h2

η
+ h3

)

. (2.4.4)

All this is centred on the hypothetical path of the chief ray, so by tracing the chief ray
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Filter Thickness (mm) Refractive index (100K)
Y 9.656 1.508
J 9.770 1.505
H 10.00 1.499
Ks 10.37 1.436

Table 2.2: Attributes of each filter necessary for calculating the extent and offset of
each ghost (Sutherland; private communication). At the time of writing Z filter data is
unavailable. All filters are offset a distance 15mm above the detector.

through each of the above reflections, the difference between the reflected and unre-
flected paths of the chief ray in the direction parallel to the detector gives the offset of
each ghost from the star. The chief ray is subject to the same reflections as a and b, and
the offsets from the centre of the focused image are

∆dsmall ≃
2 h2 φc1

η
(2.4.5)

∆dint ≃ 2 h3 φc1 (2.4.6)

∆dlarge ≃ 2φc1

(h2
η

+ h3
)

. (2.4.7)

Unlike the ghost diameters, the extent of the offsets are a function of the star off-axis
angle.

The filter dimensions and their refractive indices are given in table 2.2. In order to
convert the output of the above equations into an on sky distance, the VISTAplate-scale
is required. Ignoring field distortion4 the relevant value is 8.281× 10−5 radians/mm.
The next step is to determine the visibility of the ghosting above the background as a
function of star brightness. Like the diffraction spike analysis, the most straight for-
ward way to do this is visual inspection of a number of image cutouts centred on
bright stars. Figure 2.12 plots 2MASS J-band magnitude versus largest visible ghost
size. Again scatter about the theoretical ghost radii is minimal although there are a
number of outliers, which highlight the subjective nature of the task.

In flagging objects affected by diffraction spikes or ghosting, it is important to remain
conservative, defining a slightly larger zone around a bright star than is perhaps neces-
sary. All flagged objects can then undergo visual inspection and those clearly affected
by these issues can be discarded.

4http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/astrometric-properties
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Figure 2.12: The extent of ghosts around bright stars. Points are measured direct from
VIKING imaging frames, red dashed lines show theoretical predictions. The largest
ghost appears until J2MASS . 6 the intermediate J2MASS . 7 and the small J2MASS . 9.
Theoretical predictions agree well with measured values but outliers are present due
to the subjective nature of the measurements. The best approach in flagging sources
around bright stars is to remain conservative, defining larger regions than perhaps is
necessary.

2.5 Summary

In this chapter a number quality issues are investigated. In summary the main results
are as follows;

• Re-measurements of stellar sources are extracted from the VSA by querying for
objects in the overlap regions between frames and tiles. Root mean square resid-
uals indicate that the VIKING survey broadly conforms to the nominal survey
requirements which ask for a 2 per cent uncertainty in the measurement of bright
stars in all passbands. Uncertainty is shown to be dominated by calibration noise
at bright magnitudes.

• The offset of the VISTA photometric system from Vega is investigated. This is
an issue because VISTA photometry is calibrated from 2MASS standards and lin-
ear extrapolations of VISTA-2MASS colour equations from JHKs wavelengths are
used to calibrate the ZY photometry. In comparing colours of blue and red stars
in various VISTA-SDSS colour spaces significant offsets from the Vega system are
determined in the Z and Y bands.

• Data artifacts and spurious photometry are found to be prevalent in the regions
around bright stars. These issues are brought on by diffraction and image ghost-
ing. A set of recipes to determine the extent of affected regions as a function of
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the bright star sky-coordinates are presented, allowing for the flagging and sub-
sequent visual inspection of affected sources.

These issues are relevant to high-z quasar searches in VIKING; ensuring the quality of
the catalogue photometry has obvious benefits for any science application. In following
chapters, Vega zeroed photometry is synthesised in order to determine the properties
of both quasars and stars in VISTA colour spaces, therefore it is important that offsets
from Vega are known and well measured. Objects in the halos of bright stars cause
spurious detections and perturb the photometry of real sources leading to unwanted
contamination. The recipes presented herewill be used in following chapters to remove
contamination from quasar candidate lists.

The work presented here is also useful to the users of VIKING data in more general
science applications.
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The cool star, galaxy and quasar

populations

VISTA’s transmission curves are shown in figure 3.1. These include the relevant contri-
butions from the instrument and detector,mirror reflectivity and transmissions through
the atmosphere and filters under typical photometric conditions. Also plotted is the
Large Bright Quasar Survey’s [LBQS; 63] template quasar spectrum [86], redshifted to
z = 6.8 and with the characteristic HI absorption trough artificially imposed blueward
of redshifted Lyα at λLyα = 7.8× 1216Å. The spectra of cool M8- and T5-dwarf stars
are plotted alongside the quasar spectrum to highlight, the recognised difficulty of dif-
ferentiating between high-z quasars and cool stars at the foot of the main sequence and
below the hydrogen burning cut-off.

M-dwarfs out-number high-z quasars by at least a factor ∼ 105 (for instance Bochanski
et al. [87], obtained a volume limited sample of ∼ 15× 106 SDSS objects with M-dwarf
like colours at z < 21.2. Over a similar depth and area there are currently 19 SDSS
quasars with z ∼ 6 reported by Fan et al. [11] ), while the cooler L and T spectral
types are by all accounts, a lot more rare [88, 89]. The broad similarities between high-
z quasars and M-dwarf spectra, coupled with their relative surface densities means
that most colour selected high-z quasar candidates are in fact M-dwarfs with scattered
quasar like colours resulting from large photometric errors. The function of a good
colour selection criterion then, is to maintain a large selection space while simultane-
ously minimising contamination from false positives and optimising the completeness
of the search.

Precision selection strategies can be developedwith a detailed understanding of the er-
ror perturbed magnitude and colour distributions of the target and contaminant pop-
ulations, both as a function of redshift and direction on the sky. These strategies are
developed with the accumulation of large data volumes. The first selection and pho-
tometric followup of VIKING candidates was scheduled for summer 2011, at which
point in excess of ∼ 300deg2 of science ready data was expected to be available. Time
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Figure 3.1: Transmission curves for the VISTA ZY JHKs photometric system including
wavelength dependent losses are labelled and shaded grey. Also shown is the LBQS
template quasar spectrum artificially redshifted to z = 6.8 and with the characteristic
absorption trough imposed blueward of redshifted Lyα (solid black curve). For com-
parison the spectra of cool M8 and T5 dwarfs are plotted (dash-dot and dashed curves
respectively).

constraints demanded that a selection strategy be in place well before this time and
consequently initial candidate selection was based on limited available data in initial
releases. Thus, the task of optimising selection constraints to provide a complete, ef-
ficient and non-biased search necessitated a comprehensive assessment of the initial
data, combined with detailed modelling of the observations both as a function of red-
shift and direction on the sky [e.g. 90].

In the following chapter a model of the magnitude, colour and spatial distributions of
the cool star and quasar populations is developed and assessed along with ≃ 200deg2
of initial imaging data to accurately determine the nature of target and contaminant
populations in quasar searches over the VIKING field.

Henceforth, all quoted photometry is defined on the Vega system, such that Vega is a
zero magnitude star in all (relevant) passbands. Unless specifically stated otherwise,
magnitudes are quoted in the traditional logarithmic form except for the those in the
VISTA Z band, which are quoted in the asinh form [91]. asinh magnitudes take the
same values as the equivalent logarithmic form for high signal-to-noise measurements,
but have the advantage of linear dependence on flux at low signal-to-noise or even
negative flux, which will be the case for most z & 6.5 quasars. A softening parameter,
denoted b, is required to define the scale at which linear dependence dominates. For
the Z band we choose b equivalent to Z = 24.1, which gives the asinh magnitude of an
object with zero flux and is set approximately equal to the sky noise seen in the initial
data frames.
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3.1 Synthetic photometry and characteristic colours

To obtain representative colour andmagnitude distributions of high-z quasars and cool
stars it is necessary to first characterise the flux distributions of a distinct set of repre-
sentative objects. The method of synthetic photometry provides a precise means to
computationally measure the flux distribution of any object with a sufficiently well
sampled spectrum. For a given source the basic premise is the definition of the mean
flux density at the top of the Earth’s atmosphere

fi(Γi) =

∫

Γi(λ) fλ(λ)λdλ
∫

Γi(λ)λdλ
, (3.1.1)

where Γi(λ) is the dimensionless response function of the photometric passband i. The
function Γi(λ) is in fact the product of a number of wavelength dependent quanti-
ties which describe the signal attenuation resulting from the filter transmission, atmo-
spheric extinction, mirror reflectivity and instrument and detector response. The factor
λ converts the energy flux to a photon flux as appropriate for modern photon counting
detectors, where the flux density integrated over the bandpass i is proportional to the
observed photon count rate.

With a knowledge of both Γi(λ) and the object’s spectrum, fλ(λ), at satisfactory res-
olutions, equation 3.1.1 can be evaluated numerically. Thus the process is differential
in nature and mirrors the procedure undertaken during real photometric observations.
Corresponding magnitudes can then be computed via the usual definitions

mi = −2.5 log10 fi(Γi) + pi, (3.1.2)

m′
i = −1.08574

[

asinh
fi(Γi)

2b
+ ln b

]

+ p′i, (3.1.3)

where mi and m′
i are the logarithmic and asinh magnitudes defined with reference to

the bandpass specific constants pi and p′i, i.e. the zero-point magnitudes defined by the
relevant photometric system in the arbitrary bandpass i.

In this section, characteristic colours are computed by evaluating equations 3.1.1-3.1.3
for a number of quasar and cool star spectra in the VISTA passbands. The photometric
zero-point is defined by the spectrophotometric standard star Vega (α-Lyrae) and is
calculated by evaluating equation 3.1.1 for a suitable Vega spectrum. Indeed the choice
of spectrum is an important one, as we saw in Chapter 2 it is not uncommon to find
small offsets between synthetic and observed photometry,which are generally resolved
with the acquisition of large data sets from which accurate zero points can be inferred.

Vega is a near-pole-on fast rotator [92], whose surface temperature ranges from 7900K

52



CHAPTER 3: THE COOL STAR, GALAXY AND QUASAR POPULATIONS

at the equator to 10150K at the poles. Accurate measurement of the absolute flux distri-
bution of Vega is therefore notoriously difficult [93, 94] particularly between the optical
and near-infrared. The application of an accurate reference SED is thus an important
step in the processes described above. Widely used Vega SEDs include those of Cohen
et al. [95], and Bohlin and Gilliland [96], the latter of which has recently undergone re-
vision [97]. The agreement between the Cohen et al. [95] and Bohlin [97] SEDs is inside
the 1 per cent level in the near-infrared, the latter being precise to within 1-2 per cent.
All synthetic photometry found in this thesis use the Vega reference SED of Bohlin [97],
such that Vega is a zero magnitude star in all VISTA passbands.

3.1.1 High-redshift quasars

With the above algorithm in hand the question is how to obtain a sample of high-z
quasar spectra on which to apply it. With VIKING, we are targeting quasars at z ≥ 6.5,
a domain in which (at the time of writing) there is just one known example [37]. Of
the fifty or so known at z ≃ 6 only a few have been spectroscopically observed with
at least moderate resolution and coverage in the VISTA ZYJ bands. So most examples
of the known quasars at high-z are not useful. Rather, it is better to consider objects at
lower redshift where space densities are higher and sampling is more complete.

Recent comparisons between high and low-z quasar spectra have shown no obvious
evidence for metallicity evolution in the rest-frame ultra-violet SEDs [37, 49, 50, al-
though see [55] for possible evolution of dust properties]. In essence, the rest frame
ultra-violet properties of high- and low-z quasars are generally indistinguishable and
it is a reasonable approximation to simulate intrinsic quasar SEDs at z ≥ 6.5 by artifi-
cially redshifting a low-z SDSS sample.

Significant differences between z & 6.5 quasars and those at lower redshift are appar-
ent shortward of Lyα due to increasingly strong absorption in the intergalactic medium
with redshift (see also chapter 1). After artificially redshifting a low-z sample it is nec-
essary to correct for this effect. At z = 6.5 the optical depth of the intergalactic medium
to Lyα photons is≫ 1 [e.g. 11]. For the same neutral density the optical depths to Lyβ

and Lyγ are factors of 6.2 and 17.9 less than for that of Lyα, but their line strengths
are comparatively small and they can be reasonably neglected [e.g. 98]. Transmission
shortward of λ = 1216 (1+ z)Å is thus effectively nil, and absorption by intergalactic
hydrogen can be adequatelymodelled in z ≥ 6.5 quasar spectra by setting transmission
shortward of redshifted Lyα to zero.

Low-z optical quasar spectra that sample the rest-frame wavelengths of 6.5 . z . 7.5
quasars in VISTA’s ZYJ filters are available from the SDSS Quasar Catalog. IV. [99, re-
cently superseded]. This repository contains the spectra of tens of thousands of quasars
to redshifts of ∼ 5. With the SDSS spectrographs, the required redshift space sampling
can be achieved by redshifting quasars in the range 3.1 . z . 3.2. Over this interval
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the SDSS selection algorithm suffers from minimal stellar contamination and is highly
complete [100].

3.1.2 Cool stars

Cool Galactic stars, specifically mid-M- to late T-dwarfs, are well known to be the most
prominent Galactic contaminants of optical and near-infrared selected samples of high-
z quasar candidates [101, 102]. Stars of spectral type O to K pose less of a problem,
since they are hot enough that their colour sequences are highly temperature regulated.
The coolest brown dwarfs are by all accounts rare [88, 103], but they are at least more
common than z ≥ 6.5 quasars and many examples of moderate to high resolution
near-infrared spectra, right up to the coolest known dwarfs, are publicly available.

A library of cool star spectra has been collected from the literature covering VISTA’s
Z, Y, J, H and Ks passbands, these include all 21 M-, 30 L- and 22 T-dwarf spectra on
which Hewett et al. [72] conducted synthetic photometry in the WFCAM passbands.
References for these objects can be found in the above paper.

The library is further supplemented by spectra obtained from the DwarfArchives1, the
IRTF spectral library2, the SpeX Prism spectral library3, the Keck LRIS spectral library4

and Sandy Leggett’s L- and T-dwarf archives5. At this stage it is useful to review the
general approach to near-infrared high-z quasar selection in visual form. In figure 3.2
a ZYJ colour-colour diagram is presented with the derived synthetic photometry. The
quasar tracks are colour coded according to their redshift in steps of ∆z = 0.01 and the
average track is labelled at various redshifts for clarity. The box bounded by the dashed
line illustrates the general principal; the box includes almost all 6.5 < z < 7.5 quasars,
rejecting typical E1 galaxies [104] and almost all foreground stars. The position of each
quasar in Z− Y is a function of redshift, reflecting the movement of the Lyα break
through the Z-band. The Y− J colours have only minor dependence on redshift until
z = 6.9 where the locus begins to turn over as Lyα enters the observed Y band.

Conversely, the distribution of stellar colours is driven largely by temperature, which
acts to redden spectral types approaching early L. In later types, behaviour is more
complicated as clouds act to mask spectral features and redden near-IR colours [see
105]. Pressure broadened NaI and KI absorption features begin to appear at mid to late
L, etching away at flux in the Z band. The Z− Y colours are forced rapidly redward
into the T sequence characterised by the appearance of CH4.

The simple cuts outlined above will need to be modified for a real survey, since ran-

1http://spider.ipac.caltech.edu/staff/davy/ARCHIVE/links.shtml
2http://irtfweb.ifa.hawaii.edu/∼spex/IRTF_Spectral_Library/
3http://pono.ucsd.edu/∼adam/browndwarfs/spexprism/
4http://www.stsci.edu/∼inr/ultracool.html
5http://staff.gemini.edu/∼sleggett/LTdata.html
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Figure 3.2: The Z, Y, J colour plane; high-z quasar redshift evolution tracks are colour
coded as indicated by the colour bar and extend from z = 6.5-7.5. Star and galaxy
colours are indicated by the legend. The dashed line describes the general principals
of quasar colour selection in the Z, Y, J passbands, enclosing the vastmajority of high-z
quasars while rejecting the vast majority of galaxies and foreground stars.
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dom photometric errors will broaden the measured loci, and thus can scatter stars and
galaxies into the quasar selection region; since all stars and galaxies outnumber gen-
uine high-z quasars by a factor> 106 (J . 21), a realistic survey will need to ensure that
the cuts are sufficiently far from the stellar locus to reject almost all stars and galaxies.

3.2 Simulating the VIKING catalogue

Having used synthetic photometry to predict the colours of cool stars and quasars in
the VISTA passbands, the next step is to combine these with models of cool-star and
quasar number counts, with the addition of photometric scatter, to produce a simula-
tion of VIKINGmulticolour photometry over the entire survey.

3.2.1 Quasar number counts

Since the majority of followup candidates from VIKING will consist mainly of M-
dwarfs, other cool stars and galaxies the specific number of quasars expected from
VIKING is of less relevance than their photometric properties. Nevertheless, the cal-
culation is important for two other reasons; firstly to demonstrate that followup at this
stage presents a statistically viable prospect of discovering a quasar and secondly be-
cause doing sowill allow qualitative constraints to be placed on the luminosity function
when the VIKING quasar search begins to bare fruit.

The rationale behind much of the work undertaken by previous surveys has been to
describe the evolution of the quasar population as a function of look-back time. These
surveys have provided measurements of the surface density of quasars as a function
of their brightness and redshift. Converting redshift to distance, the surface density
can be deprojected to give the comoving density of quasars within some luminosity
interval. This fundamental quantity is the quasar luminosity function (QLF) discussed
in chapter 1.

The latest determination of the QLF at z ≃ 6 was undertaken by Willott et al. [4] and
combines discoveries from the CFHQS with the more luminous SDSS main and deep
samples. The input catalogue comprises of 40 quasars sampling the redshift range
5.74 < z < 6.42. The bright end of the binned luminosity function is well constrained
to a power law with some evidence for a flattening in the slope provided by a single
quasar at lower luminosities. In keepingwith work at lower redshifts, where the QLF is
well constrained over a large magnitude interval [106, 107], theWillott et al. parametric
function follows a double power law of the form,

Φ(M1450, z) =
10k(z−6)Φ(M∗

1450)

100.4(α+1)(M1450−M∗
1450) + 100.4(β+1)(M1450−M∗

1450)
, (3.2.1)
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Table 3.1: Parameters of the z = 6 luminosity function of Willott et al. [4]

Density evolution parameter k −0.47
Normalisation Φ(M1450, z) 1.14× 10−8Mpc−3mag−1
Break magnitude M∗

1450 −25.13
Bright end slope α −2.81
Faint end slope β −1.5

where Φ(M1450, z) is defined in units of Mpc−3mag−1 and is quoted with respect to
the rest frame magnitude of the continuum at λ = 1450Å. This is a standard prac-
tise in the optical that allows for straight forward comparisons. Fitted parameters in
equation 3.2.1 are the break magnitude M∗

1450, the normalisation constant at the break
magnitude Φ(M∗

1450) and the bright end power law index α. A detailed description
of the fitting process can be found in the original publication and the parameter set
adopted by Willott et al. is shown in table 3.1. A redshift dependent density evolution
term k and the faint end power law index β are both unfitted and each is now afforded
some further discussion.

It is well established that the space density of quasars peaks at z ≃ 2.5 and declines
rapidly thereafter [e.g. 108]. At z ≃ 6, the space density of bright SDSS quasars (M1450 .

−27) measured by Fan et al. [101] is consistent with a single power law extrapolation
of the QLF between 3 ≤ z ≤ 5 [109]. The rate of evolution implied by these luminosity
functions corresponds to a value k = −0.47, where the space density declines expo-
nentially as 10k(z−6). Beyond z ≃ 6 the value of k is of course completely unknown and
moreover one cannot rule out the possibility of a noticeable luminosity dependence,
similar to those inherent in quasar, AGN and galaxy populations at lower redshifts
[110–112].

Clearly, by extrapolating much past z ≃ 6 one should only make baseline projections.
As noted by Willott et al. [43], some confidence can be taken from recent theoretical
modelling which shows that for black holes accreting close to the Eddington limit the
global black-hole accretion rate density increases by roughly 10 to 100 times between
z = 9 and z = 6 [113, 114]. In this context, these results should be viewed with some
caution since they focus on isolated regions of high density. Nevertheless, such an
evolution broadly agrees with the decline in space density adopted here, which evolves
by a factor 30 over the same interval.

The faint end slope β is also unfitted and is set based on measurements at lower red-
shifts [110, 115, 116]. If there is minimal evolution in the break magnitude (i.e. negligi-
ble luminosity dependence) beyond z = 6.0, then VIKINGwill probe the bright end of
the luminosity function and uncertainty in the faint end slope will have a small effect
on number count projections. If evolution in the break magnitude to z = 7.5 is consid-
erable, then number count projections based on the Willott et al. baseline luminosity
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function could depart from the true number significantly. With the above discussion in
mind, one must interpret any inferences derived via extrapolation of the QLF to earlier
times with necessary caution.

The number of quasars brighter than an apparent magnitude mi in some fixed ob-
serving passband i over a given redshift interval may be calculated via integration of
the QLF over comoving volume Vc to a depth given by the absolute magnitude limit
M1450,lim(z). The comoving volume element is related to the angular diameter distance
DA, the Hubble parameter H(z) and the survey area Ω by

dVc =
c (1+ z)2 DA2

H(z)
dΩ dz, (3.2.2)

where DA = (1+ z)2DL. For a flat universe the luminosity distance is given by

DL(z) = c (1+ z)
∫ z

0

dz
H(z)

(3.2.3)

and H(z) is given by

H(z) = H0

√

ΩM(1+ z)3 + Ωk(1+ z)2 + ΩΛ, (3.2.4)

whereΩM, Ωk and ΩΛ are the energy densities in the matter, curvature and cosmolog-
ical constant of the Universe. The final integration then takes the following form

Nq =
∫ Ω

0
dΩ

∫ z

0

∫ M1450,lim(z)

−∞

c DL
2

H(z)(1+ z)2
Φ dz dM1450 , (3.2.5)

where the integral over solid angleΩmay be replaced by the survey area in steradians.

Since we do not measure the magnitude of a quasar at the rest frame wavelength, but
rather in some bandpass fixed in the observers frame, one needs to first convert from
the flux or equivalently magnitude measurement in the redshifted frame to the corre-
sponding measurement in the rest frame. This is the K-correction, defined by

M1450 = mi − 5 log10(DL/10pc) − Kcorr. (3.2.6)

For a featureless quasar spectrum, the continuum is well modelled by a power law in
frequency ν, such that fν ∝ νγ, so the K-correction to rest frame wavelength λ = 1450Å
from an arbitrary bandpass with central wavelength λi is

Kcorr = −2.5 (1+ γ) log 10(1+ z) − 2.5γ log 10(1450 /λi), (3.2.7)

where γ is taken to be γ = −0.5, in accordance with the composite quasar spectrum of
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Vanden Berk et al. [1] and continua of z ∼ 6 SDSS quasars [e.g. 11, 101]. The VIKING
quasar search will select objects based primarily on their magnitude in the J band. The
central wavelength of VISTA’s J band filter is λJ = 12500 Å and so evaluating equation
3.2.5 numerically for the case where k = −0.47 and K-correcting from λJ gives the
projected baseline number count model shown in figure 3.5 over the interval 6.5 ≤ z ≤
7.5. For comparison the non-evolving k = 0 and highly-evolving k = −0.94 models are
plotted alongside, as shown by the short and long dashed lines respectively. The latter
corresponds to a factor of 3 decline in density per 0.5 increase in redshift.

The thick grey regions show the range of deviation from each curve when the faint
end slope is allowed to vary between −2 ≤ β ≤ −1 and the break magnitude is kept
constant. In this case, variation in the faint end slope has only a weak effect on number
count projections. The best constraints on the break magnitude at lower redshifts show
evolution in the range −26 < M1450 < −24 over the interval 1 < z < 4 [108, 110],
where several forms of joint and independent density and luminosity evolutions have
been investigated. Each is entirely plausible beyond z = 6 and so to capture a feeling
for the effect that an evolving break magnitude might have on quasar number count
projections, it seems fairest to consider an average result by evolving M∗ linearly in
flux units with redshift in the range −26 ≤ M∗ ≤ −24, whilst keeping the normalisa-
tion constant. The thin red and blue lines in figure 3.5 show the baseline model after
applying evolution from M∗ = −25.13 to M∗ = −24.00 and M∗ = −26.00 respec-
tively. Clearly, significant departures from baseline evolution are possible with modest
changes in evolutionary behaviour beyond z = 6. This highlights the large uncertain-
ties in the calculation.

Naturally, one would like to select quasars as faint as possible, but experience from
other surveys [e.g. 101] has shown that a ∼ 10σ detection in at least one band is neces-
sary to avoid the selection of large numbers of false positives as a result of photometric
scatter. Therefore, figure 3.5 also plots the inverse area of VIKING, the LAS and the
VHS at their 10σ limiting J band magnitudes as filled circles. This metric can be equiv-
alently thought of as the surface density at which a given survey would contain a mean
of 1 quasar. It is clear from the figure that VIKING is predicted to contribute signifi-
cantly to increasing numbers of near-infrared selected z & 6.5 quasars, surpassing the
numbers expected from the UKIDSS-LAS and providing a similar haul to that expected
from the VHS. To summarise, table 3.2 gives the number of quasars predicted by each
of the number count models at various limiting magnitudes in each survey. Note that
expected numbers from the UKIDSS-LAS are given for data acquired up to DR8.

Lastly, it was encouraging to hear of recent results from the latest UKIDSS data release,
DR8, which contains some 2600 deg2 of LAS imaging in at least the Y and J bands.
Referring to table 3.2, the baseline number count model predicts that there should be
a mean of 1.91± 1.38 quasars in this area, while the non-evolving and highly-evolving
models predict 5.12 ± 2.26 and 0.78 ± 0.88 respectively. At present there is a single
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Figure 3.3: Number of quasars brighter than apparent J-band magnitude J, over
the redshift interval 6.5 ≤ z ≤ 7.5, for three models based on the luminosity func-
tion of Willott et al. [4]. The parameter k determines the rate of density evolu-
tion beyond z = 6. The short-dashed, solid and long-dashed curves correspond to
k = (0.0, −0.47, −0.94) respectively (see text for more details). Open circles have
been placed at the inverse area of various surveys, showing the surface density at
which the given survey would contain a mean of 1 quasar brighter than its nominal
10σ detection limit. Shaded regions show the deviations in each curve when the faint
end slope (β = −1.5) is allowed to vary between −2.0 ≤ β ≤ −1.0 with a constant
break magnitude. The thin red and blue curves show the effects of applying break
magnitude evolution in the baseline model from M∗ = −25.13 to M∗ = −24.00 and
M∗ = −26.00 respectively.
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Table 3.2: 6.5 ≤ z ≤ 7.5 quasar number counts in VIKING, the LAS and the VHS,
derived from the QLF of Willott et al. [4] for the pure density evolutionary models
described in the text. Errors are 68% poissonian credible intervals (see Chapter 5) only
since the uncertainties inherent in extrapolating the QLF from z > 6 are unknown,
these are discussed qualitatively in the text. Note also that VIKING and VHS number
count predictions are given for the full survey areas, whereas the LAS predictions are
given up to DR8; ∼ 2600 deg2 in at the least Y and J bands.

VIKING

Depth k = 0.00 k = −0.47 k = −0.94

5σ (N < J = 20.9) 64.86+9.05−7.05 24.01+5.94−3.95 9.68+4.20−2.21

8σ (N < J = 20.4) 33.64+6.83−4.83 12.49+4.62−2.60 5.05+3.37−1.38

10σ (N < J = 20.1) 22.03+5.75−3.74 8.20+3.95−1.97 3.32+2.98−0.99

20σ (N < J = 19.4) 7.68+3.86−1.88 2.87+2.86−0.88 1.16+2.39−0.34

LAS DR8

Depth k = 0.00 k = −0.47 k = −0.94

5σ (N < J = 19.6) 18.14+5.76−3.31 6.76+3.70−1.72 2.74+2.83−0.84

8σ (N < J = 19.1) 8.30+3.98−1.97 3.10+2.92−0.93 1.26+2.38−0.38

10σ (N < J = 18.8) 3.94+3.13−1.14 1.91+2.60−0.60 < 1.0

20σ (N < J = 18.1) 1.61+1.9−0.80 < 1.0 < 1.0

VHS

Depth k = 0.00 k = −0.47 k = −0.94

5σ (N < J = 19.9) 54.82+8.39−6.41 20.41+5.57−3.57 8.27+3.96−1.97

8σ (N < J = 19.4) 25.61+6.09−4.12 9.55+4.17−2.19 3.88+3.12−1.13

10σ (N < J = 19.1) 15.96+5.04−3.05 5.96+3.55−1.57 2.42+2.74−0.75

20σ (N < J = 18.4) 5.12+3.39−1.40 1.91+3.55−0.83 < 1.0
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reported discovery of a z > 6.5 quasar in the LAS DR8 [z = 7.085 to be more precise;
37], which marginally favours evolving models.

3.2.2 Stellar number counts

The Besançon stellar population synthesis model of the Galaxy [BGM; 117, 118] allows
stellar number counts up to spectral typeM to be computed as function of J-band mag-
nitude and direction on the sky via an interactive web form6. The model is currently
undergoing an update to the set of M-dwarf atmospheres it uses. The current study
therefore provides an ideal testbed in which to compare their performance. A full de-
scription of the model is given in the above cited work.

The atmospheres of cooler L- and T-dwarfs are much less well constrained and so a
more empirical approach is taken to calculate their number counts.

The Besançon Stellar Population Synthesis Model of the Galaxy: M-dwarf number

counts

The BGM models the Galactic thin-disc, thick-disc, halo and bulge via a specific treat-
ment of the density laws, the initial mass function (IMF) and the star formation rate in
each component.

At the low masses and faint magnitudes considered here, the scale height of the rele-
vant component and the slope of the IMF at the lowmass end are of importance. In the
thin disc the scale height is constant for of an isothermal population of given age and
vertical velocity dispersion.

The IMF used here differs from the on line version which employs a very steep slope
in the thick disc [119]. Consequently the online version of the code over estimates the
number of M-dwarfs when compared with deep data. The authors attribute this to an
error in the default calibration of the model in the CFHTLS bands. The revised slope,
used here down to very low masses is discussed by [120]. A value γ = 0.7 is used
where the IMF is parametrised as dN/dM ∝ M−(1+γ).

The BGM magnitudes are computed from a set of stellar atmosphere models. Most
of the HR-diagram is covered by the Basel library [121], but these models depart sig-
nificantly from observations at low masses [119] and thus, for effective temperatures
below ∼ 4000K NextGen model atmospheres [122] are employed.
Stellar number counts were calculated on a 2D grid of spectral-type and J-mag bins for
30 representative fields of 10deg2 for each of the thin-disc, thick-disc and halo compo-
nents. The results were scaled up accordingly. In order to make certain that density
gradients were well sampled, effort was made to ensure that each field was offset from

6http://model.obs-besancon.fr/

62



CHAPTER 3: THE COOL STAR, GALAXY AND QUASAR POPULATIONS

adjacent fields by no more than 5deg of Galactic latitude. J-band number counts were
then calculated in the range 16.0 ≤ J ≤ 24.0 in bin widths of ∆J = 0.5. According to the
quasar number count model this is∼ 2 mag brighter than we can realistically expect to
recover quasars in VIKING and ∼ 3 mag fainter than the 5σ limiting magnitude of the
survey. The extra range is included to allow sources to scatter in and out of the survey
as the result of photometric error.

L and T dwarf number counts

The main structural components of the MilkyWay have been identified with star count
data and accompanying colour information in a number of classic and modern works
[e.g. 6, 123]. Gilmore [124] was the first to show that the Galaxy could be well rep-
resented by three distinct components; an old metal deficient halo population repre-
sented by a deprojected de Vaucouleurs profile and young and intermediate popula-
tions whose total contribution is given by the sum of two double exponential profiles
describing a concentrated ‘thin-disc’ and a more rarefied ‘thick-disc’. The space den-
sity of either disc component at Galactic coordinates (l, b) and heliocentric distance d
assumes the following form

ρdisc(d, l, b) ∝ exp

[

−R(d, l, b) − R⊙
L

]

exp

[

−|Z⊙ + d sin b|
H

]

, (3.2.8)

where the proportionality constant is the spatial density of the relevant object class or
classes at Z = 0 i.e. at the Galactic plane. Z⊙ is the position of the sun relative to the
Galactic plane, H and L represent the scale height and length of the particular disc
component and R⊙ and R(d, l, b) are the galactocentric distances of the sun and the
point of interest respectively. The latter of these is given by

R(d, l, b) = (R2⊙ + d2 cos2 b− 2R⊙ d cos b cos l)1/2 (3.2.9)

which can be re-arranged to give

R(d, l, b) = [(R⊙ − d cos b cos l)2 − d2 cos2 b cos2 l + d2 cos2 b]1/2. (3.2.10)

and since VIKING will observe extra-galactic fields i.e. out of the Galactic plane, the
assumption R⊙ ≫ d is valid and equation 3.2.9 may be approximated as

R (d, l, b) ≈ R⊙ − d cos b cos l. (3.2.11)

In substituting this back into 3.2.8 we are left with
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Table 3.3: Parameters of the Galactic thin and thick disc system [5, 6].

R⊙ Z⊙ L H
(pc) (pc) (pc) (pc)

8600 ± 200 +27 ± 4 Thin: 2250 ± 1000 330 ± 3
Thick: 3600 ± 720 580 - 750
Thick disc normalisation: 13 - 6.5 %

Table 3.4: The local space density ρ⊙ and absolute J-bandmagnitudeMJ of field L and
T dwarfs from Caballero et al. [7].

L0-1 L1-2 L2-3 L3-4 L4-5 L5-6 L6-7 L7-8 L8-9
MJ 11.72 12.19 12.57 12.95 13.33 13.71 14.01 14.40 14.68
ρ⊙ 0.636 0.861 1.000 0.834 0.819 0.869 0.785 0.644 0.462

L9-T0 T0-1 T1-2 T2-3 T3-4 T4-5 T5-6 T6-7 T7-8
MJ 14.45 14.38 14.10 13.85 13.77 14.21 14.85 15.10 16.1
ρ⊙ 0.308 0.222 0.241 0.406 0.788 1.42 2.38 3.45 4.82

ρdisc(d, l, b) ∝ exp

(

d cos b cos l
L

)

exp

(

−|Z⊙ + d sin b|
H

)

, (3.2.12)

which can be evaluated numerically (or analytically) for any direction over which our
assumptions are valid.

The local space densities of cool stars of spectral type L0 to T8 are given as a function of
their absolute J-band magnitudes in table 3.4 [taken from 7]. For consistency number
counts were calculated for each spectral type in J-magnitude bins of width 0.5 over the
range 16 ≤ J ≤ 24 and in the same fields as simulated by the the Besançon model for
M-dwarfs. The distance d of any object with apparent magnitude J is determined via
the distance modulus, ϑ = J−MJ by d = 10 0.2 ϑ+1 and the parameters of the thin and
thick discs listed in table 3.3 are taken from [5] and [6].

An identical luminosity function in both the thin and thick discs is assumed. This prob-
ably overestimates the count of thick-disk brown dwarfs, since most of these objects are
predicted to have very faint magnitudes by theoretical cooling sequences [105]. This
would place most of the thick-disk population with M < 0.06M⊙ below VIKING de-
tection limits. This assumption is therefore conservative since it will overestimate the
brown-dwarf contamination of the quasar sample.

A similar argument can be made for the halo, which represents an even older pop-
ulation. In this case we assume that all halo L and T-dwarfs will be below VIKING
detection limits. BGM number counts of halo M-dwarfs fall off rapidly towards cooler
spectral types. The BGM surface density of halo M9-dwarfs with J < 23.0 is < 1 deg−2,
suggesting that this is a reasonable approach.
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3.2.3 Catalogue generation

With stellar number counts binned by apparent J-band magnitude and spectral type
the next step is to pair each count with a set of synthetic photometry to mimic an ob-
servation of each source.

For Nc sources distributed over Ni−1 magnitude and Nj−1 spectral type intervals, the
procedure is to step over all Ni × Nj bins iteratively. Each object receives a set of syn-
thetic fluxes, Fc = { fZ, fY, fJ}. Fc is generated via interpolation of our synthetic pho-
tometry (section 3.1) between a source of the relevant spectral type Tj and that of the
later adjacent spectral type, Tj+1. If the kth occupant of bin i× j, has a magnitude J in the
range Ji ≤ J < Ji+1 and a spectral type Tj, then Fc is defined by the following weighted
sum,

Fc = ε Fi, j, k + (1− ε) Fi, j+1, k, (3.2.13)

where ε is a uniform random deviate in the range 0 < ε ≤ 1. Each of the components of
Fc (i.e. Fi, j, k and Fi, j+1, k), comprise of a Z, Y and J band flux generated by drawing Z and
Y band fluxes from our library of synthetic photometry for the relevant spectral type.
These are then scaled to a reference flux fJ, which is derived from a magnitude J drawn
randomly from the interval Ji ≤ J < Ji+1. This process is repeated over all Ni × Nj bins
until all number counts are coupled to a set of unique synthetic photometry.

The VSA VIKING release v1.0 with data up to July 2010 contains 173 image tiles. Dur-
ing the image reduction and pipeline processing the average sky noise in each image
tile is measured by placing a number of circular apertures in sparsely populated re-
gions. These measurements are then placed in the header units of each image before
being uploaded to the VSA. In a real survey of faint sources the distribution of mea-
sured flux errors is sky dominated and usually well approximated as being Gaussian.
The intrinsic distribution of synthetic fluxes can therefore be perturbed by drawing
from a set of Gaussian distributions, with standard deviations equal to the sky noise
level in the VIKING image tiles and scaled to the theoretical flux of the object in the
corresponding passband. Adding this distribution of errors to the set of simulated in-
trinsic fluxes gives a set of simulated ‘observations’.

The catalogue extraction process for the VIKING survey, is handled by the VDFS at
CASU. The CASU source extraction algorithm employs a detection threshold of ∼ 5σ
but this is not a rigid limit. Thus to determine whether our synthetic sources would
be detected by the CASU source extractor it is necessary to model the signal-to-noise
distribution of detected sources from the data. Here we follow a novel method used by
Patel [125], which is described in brief below.

Since we are modelling a population of point sources it is necessary to limit the data
analysis to stars only, which requires a highly reliable method of star-galaxy separation.
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Figure 3.4: The CFHTLS-VIDEO giJKs colour plane for matched VIKING-VIDEO-
CFHTLS sources in the ∼ 1 deg2 region of overlap shared by each survey. The deep
CFHTLS-VIDEO observations allow robust star galaxy separation. The red dashed
line shows the regions in which the star and galaxy populations are defined.

In contrast to Patel [125], who used morphological classifiers to define a reliable and
complete sample of point-like objects. Here the VVC catalogue, compiled in chapter 1,
is used to separate stars and galaxies via their optical-near-infrared colours. At the time
of writing only VIDEO Y JHKs observations are available, but the lack of Z-band data
is not important since most high-z quasars will be too faint to be detected in VIKING
Z-band observations given the CASU ∼ 5σ extraction criteria.
The VIDEO-CFHTLS g − i vs. J− Ks plane is shown in figure 3.4. The extra depth
in the matched catalogue minimises photometric scatter and with the combination of
colours gives remarkably good star galaxy separation. The red dashed line separates
two regions from which are drawn a sample of stars and galaxies. Where possible i or
g dropouts have been classified by virtue of either their z− J vs J−Ks colours or their
J−Ks colours alone. We will look at the galaxy sample in later sections, this section
focuses on the stellar sample.

Histograms of the Y and J-band magnitude distributions of matched stars are shown in
figure 3.5 for VIKING (red) andVIDEO (blue) photometry. For comparison, the full dis-
tribution of VIDEO-CFHTLS matched point sources is also plotted (black histogram).
Synthetic sources were drawn randomly from this distribution and each source was
perturbed by a Gaussian error with a standard deviation equal to the sky-noise level
drawn from VIKING image tiles. Each perturbed source was then given a detection
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Figure 3.5: The Y and J-band magnitude distributions of sources matched be-
tween VIDEO-CFHTLS (black histogram format) and VIKING-VIDEO-CFHTLS with
VIKING photometry (red histogram format) and with VIDEO photometry (blue his-
togram format). The black continuous curve shows the distribution of simulated
sources with intrinsic magnitudes drawn from the VIDEO-CFHTLS matched cata-
logue and perturbed with realistic VIKING-like Gaussian errors. A Gaussian dis-
tributed signal to noise cut has been applied to mimic the source extraction process
used to produce the VIKING catalogue (see text for details).

significance drawn from a Gaussian distribution with mean µi and standard devia-
tion σi, where the subscript refers to the arbitrary bandpass i. If the source passed the
simulated detection cut-off then it was kept otherwise it was discarded. The resulting
distribution was then compared by eye to the VVC matched distribution and the pro-
cess was repeated with various values of µi and σi until a good match was found. The
continuous black curve in figure 3.5 shows the best matched distribution of simulated
sources. This was produced using a Gaussian distribution of simulated detection sig-
nificances with µJ = 0.22 and σJ = 0.04. The same procedure was undertaken in the
Y-band yielding a best match Gaussian with µY = 0.15 and σY = 0.06. The results were
applied to the set of simulated observations described above resulting in a realisation
of the cool star component of the VIKING catalogue over the entire 1500deg2 of the
VIKING field.

3.3 Colour space contamination

The magnitude and colour distribution of the simulated stellar population has been
compared with data from the VVC catalogue. The results are shown in figure 3.6,
where the data is plot in histogram format and the simulated catalogue as smooth
curves. Both the magnitude and colour distributions of the model are in overall good

67



CHAPTER 3: THE COOL STAR, GALAXY AND QUASAR POPULATIONS

agreement with the data.

An excess of blue stars can be seen in the colour distributions in the left hand pan-
els. Closer inspection of the magnitude distribution of these stars shows that they are
reasonably faint with number counts peaking at Z ∼ 19.5, Y ∼ 19.5 and J ∼ 19.0.
Given their blue colours, they are likely intrinsically bright main sequence halo stars.
To promote a fair comparison between the true and modelled magnitude distributions
an effort has been made to remove the majority of the blue stars from the data by re-
taining only those having Z− Y ≥ 0.0, Y− J ≥ 0.0, Z− J ≥ 0.3.
The overall agreement between colour and magnitude distributions in the model and
the data is good, but the model over predicts the number counts in some bins by up
to a factor of 1.3. The number count predictions are therefore conservative. In the
modelled population almost all objects are M-dwarfs whose number counts and J-band
magnitudes are predicted by the BGM.Given the rarity of cooler type objects, the 1deg2

patch of deep VVC matched imaging is not sufficient to constrain the L- and T-dwarf
number count model well. The overall good agreement with the data suggests that
for the latest type dwarfs, the modelled objects are distributed accurately over colour
and magnitude space and that the predicted number counts are within an order of
magnitude of their true values. It is also encouraging that the results broadly conform
with data from recent near-infrared searches [88, 89].

3.3.1 Stellar contamination

The full VIKING cool-star mock catalogue (i.e. 1500deg2) is plotted in ZYJ colour space
in figure 3.7. Contours enclose bins of width ∆ZYJ = 0.1 with occupancies decreasing
logarithmically from the centre of the contour map outwards as 105, 104, 103 and 102.
The filled black circles denote individual objects belonging to bins with occupancies of
less than 102. Also shown is a catalogue of ∼ 200 simulated 6.5 ≤ z ≤ 7.5 quasars.
Each source has been ‘detected’ at the 8 σ level in Y and J and was drawn from a larger
catalogue of ∼ 1000 quasars with a uniform distribution in redshift.
Over plotted in red is the selection region described by

Z− Y ≥ 1.2
Y− J ≤ 1.0, (3.3.1)

which was shown to reject the majority of Galactic M, L and T dwarfs and accept the
majority of quasars in figure 3.2.

With the introduction of error perturbed photometry and accurate number count mod-
els, the accuracy of this statement has not changed, most stars are still rejected by this
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Figure 3.6: Left: VIKING Z, Y, J colour distributions of the simulated thin disc, com-
bined thick disc and halo and total cool star contributions in ∼ 1 deg2 of the VIKING-
VIDEO-CFHTLS overlap region. Each distribution is compared to the real distribution
of VIKING stellar photometry as shown by the histogram style plots. The excess of
blue objects in each plot is attributed to main-sequence halo stars with bright abso-
lute magnitudes, an effort has been made to remove these objects in order to compare
modelled and true magnitude distributions. Right: As in the left hand panel but for
the simulated and real Z, Y, J magnitude distributions. In both cases the the over-
all agreement with the data is good. There is a slight overshoot in predicted number
counts making these models conservative.
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Figure 3.7: The VIKING ZYJ colour plane for simulated cool stars (contours and
points). Also shown are ∼ 200 simulated quasars (open circles). The red dashed
line shows the colour selection region defined by equation 3.3.1.

selection regionwhile most quasars are retained, but the introduction of themodel now
shows that within these constraints stars will outnumber quasars by a factor∼ 104. For
the classic rare object search in which candidates are chosen predominantly by virtue
of their location in multi-colour spaces with perhaps detection significance, morphol-
ogy etc. acting as qualitative secondary constraints, searching for ∼ 10 objects among
these candidates would present a challenging task. What’s more is that VIKING is a
galaxy dominated survey so the inevitable contamination from extra-galactic objects
will exacerbate the problem.

3.3.2 Extra Galactic contamination

Up to now, the focus of this chapter has been on contamination from foreground Galac-
tic M, L and T-dwarfs. Referring back to figure 3.2 it is clear that contamination from
z ≃ 1 - 2 galaxies could also pose a problem. As we shall see in the next chapter, most
well detected galaxies can be rejected on the basis of their extended disc-bulge mor-
phologies. For completeness it is interesting at this point to look briefly at the popula-
tion of galaxies which contaminate quasar selection space. The star galaxy separation
technique discussed in section 3.2.3 affords us this opportunity.

The galaxy sample considered here, is on the whole slightly less reliable than the stellar
sample considered in section 3.2.3, since it shares a similar region of colour space with
low-z (0.1 ≤ z ≤ 2.5) quasars. The lack of any SDSS or other spectroscopic overlap
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Figure 3.8: The VIKING ZYJ colour plane for a highly complete sample of galaxies se-
lected from the VIKING-VIDEO-CFHTLS overlap region. The red dashed line shows
the region defined by equation 3.3.1.

prevents any attempts to remove these interlopers with any confidence, but work on
optical and near-infrared number counts [e.g. 108, 126] suggests that low-z quasars
will be outnumbered by galaxies in this sample by at least two orders of magnitude
and they can be reasonably neglected.

Figure 3.8 shows all colour selected galaxies in the VVC overlap region. Again the
selection region described by equation 3.3.1 is over plotted in red. On large scales
galaxies have an isotropic distribution on the sky. In ∼ 1deg2 there will be some level
clustering and cosmic variance will be an issue. Nevertheless, linearly scaling galactic
number counts in this ∼ 1deg2 region to the full 1500deg2 of the VIKING field will
give a broad idea of the contamination expected from extra-galactic sources. In doing
this, contaminating galaxies are expected to outnumber quasars by ∼ 105. Again this
is an unacceptable level of contamination for a rare object search on any reasonable
timescale.

3.4 Summary

The contamination of high-z quasar selection spaces by galaxies and cool stars is a well
known and documented problem. Indeed most authors begin their quasar searches
with an analysis of the contamination similar to that presented in figure 3.2 [72]. In-
variably the selection cuts they lay down turn out to be too optimistic and most can-
didates are either not observed or progressively, they fall out of candidate lists as cuts
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are revised with the acquisition of larger data sets that allow predictions about the con-
tamination with regard to the error perturbed photometry and distribution on the sky.
Section 3.3 is therefore simply a reminder of this and places the extent of contamination
on a more quantitative footing.

The simulation of a realistic VIKING catalogue, allows constraints to be placed on lev-
els of contamination in high-z quasar searches in VIKING. At the time of writing this
chapter, there were < 200deg2 of proprietary data catalogued in the VSA. The first
photometric followup of VIKING quasar candidates was scheduled for June 2011. In
advance of this, quasar candidates were to be chosen based on selection constraints de-
termined from current limited available data. The simulated catalogue therefore adds
a complementary data set from which to test and constrain selection strategies. This is
the subject of the next chapter.

The methods employed here may be useful in new and forthcoming surveys, if there is
need to define selection strategies in anticipation of a large data set becoming available.
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Quasar candidate selection

The first science ready data product, a paw-print based catalogue release with coverage
of ∼ 150deg2, became available to the VIKING working group in April 2010. With
limited area and a depth some ∼ 0.4 magnitudes brighter than that expected from tile
based products, the chance of a high-z quasar discovery from such a data set is modest.

Based on information supplied by CASU regarding the rate of data acquisition and the
quantity of existing data yet to be made available, it was estimated that ∼ 300deg2

of science ready products would be available by Summer 2011. Quasar number count
models (chapter 3) predict ∼ 2 quasars in the redshift range 6.5 ≤ z ≤ 7.5 over an area
of 300deg2 brighter than the J-band 10σ point source sensitivity limit, which would
make the discovery of a quasar a reasonable prospect. A proposal for follow-up imag-
ing time was submitted to ESO in September 2010 and time was awarded over three
nights in June 2011 under program ID 087.A-0655(A). The task in the months running
up to June was to develop a strategy with which to select high-z quasars from the
VIKING data.

Searches for high-z quasars in wide field imaging surveys generally take the form of
optimisation problems. One aims to maximise the number of quasars successfully de-
tected in the most efficient way possible. This is parametrised by the survey contami-
nation, defined as the ratio of the number of selected quasars to the number of selected
contaminants, and the survey completeness, defined as the ratio of the number of se-
lected quasars to the total number of quasars within the surveyed area and magnitude
limits.

The design of a high-z quasar selection scheme that is both efficient and complete ne-
cessitates an accurate knowledge of the properties of both the targeted objects and the
contaminating population measured by the relevant survey. In chapter 3, models of
luminosity, colour and spatial distributions of the high-z quasar and cool-star compo-
nents of the VIKING catalogue were developed. In this chapter these models are used
along with a sample of VIKING galaxies to develop and compare two different ap-
proaches to quasar selection. The basic principles of these strategies are encapsulated
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Figure 4.1: Increasingly exclusive constraints on the quasar candidate list isolate the
most interesting objects. Panel (a) shows all candidates passing the broad colour cuts
described by equation 3.3.1. Panel (b) shows remaining candidates after application of
detection significance constraints in section 4.0.1. Panel (c) shows the catalogue after
cuts on general low-quality detections, bright and saturated sources in section 4.0.2.
Panel (d) shows remaining candidates after the series of morphological constraints are
applied in section 4.0.3. Finally, panel (e) plots candidates after some further general
constraints are applied and Z-band drop-outs have been re-measured as described in
section 4.0.4.

by the traditional multi-colour selection techniques which have proven successful in
the last decade [68, 72, 101] and the application of probabilistic candidate ranking,
which has become popular in the last few years [127–130]. In both cases the search for
high-z quasars begins in the VSA [82].

To begin the quasar search an obvious initial starting point, is with the set of colour
cuts shown in figure 3.2 of chapter 3. A basic query for such objects in the VSA re-
turns 3.18× 105 candidates shown in ZYJ colour space in Figure 4.1 (a). This chapter
describes the steps taken to reduce this candidate list, retaining all but themost promis-
ing objects for follow-up observation.

4.0.1 Detection significance

Any photometric measurement is made with a contribution from the sky background.
For accurate measurement of the source brightness an estimate of the sky background
fluxmust be subtracted from the total measured flux. For very faint sources the sky flux
is dominant over the source flux and uncertainties in the sky backgroundmeasurement
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become the dominant source of error in the source flux measurement.

The effect of this uncertainty on the quasar search is that the fainter one decides to try
and search for quasars the more uncertain the photometry becomes. The problem can
be visualised in figure 4.1 (a), where this uncertainty brings significant scatter about
the true distributions of stars and galaxies first considered in figure 3.2. It is desirable
to select quasars as faint as possible, but experience from other surveys has shown that
an 8σ to 10σ detection above the noise in the sky background in at least one band is
necessary to avoid the selection of large numbers of false positives [e.g. 101]. High-
z quasar candidates are necessarily faint in Z so a nominal photometric cut rejecting
all candidates with S/N ≤ 8 in both Y and J is adopted. The resulting candidate list
contains the 6.8× 104 objects shown is figure 4.1 (b), a factor 4.7 improvement.

4.0.2 General quality control

Some basic quality control reduces the catalogue by a further significant factor. Quality
bit flags provided by the VSA encode quality issues pertaining to each detection. The
relevant attributes are labelled ppErrBits in the VSA detection tables and are pre-fixed
with the relevant filter name in the source tables. Bit flag values start at zero for detec-
tions with no known issues and increase towards issues of higher severity with up to
32 distinct values grouped into four different warning classes. The warning classes ar-
range issues as information, warnings, important warnings and severe warnings, with
threshold bit flag values of 256, 65536 and 16777216 respectively. A detection whose
ppErrBits are not within the information class has inaccurate photometry, which can-
not be improved via direct re-measurement of the VIKING images and consequently,
such sources are rejected as quasar candidates. This reduces the catalogue to 4.9× 104
objects which includes those detections without quality issues, those that have been
de-blended and those that include bad pixels.

Another quality issue arises from saturated sources, which have incorrect photometry.
Quasar number count models, described in chapter 3 predict that z & 6.5 quasars with
J < 18 are unlikely to be found in the VIKING survey volume. Considerable uncertain-
ties in the QLF warrant a cautious approach and hence objects brighter than the 17th
magnitude in J are rejected. Further rejecting any object with Y < 16 ensures that none
of the remaining candidates are saturated and reduces the total content of the catalogue
to 4.4× 104 sources, figure 4.1 (c).

4.0.3 Morphological constraints

The major focus of chapter 3, was to characterise the nature of cool-star contamination
in VIKING quasar searches. This was appropriate since quasar searches in the SDSS,
CFHQS and UKIDSS have all shown cool stars to be the most prominent of contami-
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nants. The VIKING data set will differ from those of past wide field survey searches
because the combination of depth and area will deliver a galaxy dominated data set.
Galaxies in the range 1.2 . z . 1.4 lie close the colour selection region shown in fig-
ure 3.2 and broadening of the galaxy locus by photometric scatter will place a fraction
of galaxies in the selection box. Thus, a means to accurately identify galaxies would
provide the potential to reduce the size of the candidate catalogue significantly.

Fortunatelymost galaxies can be rejected on the basis of their extended disc-bulge mor-
phologies. At faint magnitudes, it is possible for the galactic disc component to fall
below the detection limit of the survey, while the bulge component remains bright.
Galaxies detected in this way can be morphologically indistinguishable from stars and
usually the best way to avoid this type of contamination is to apply a detection signif-
icance constraint to ensure that candidates are sufficiently well detected in at least one
band.

The star galaxy separation techniques discussed in chapter 3 present the opportunity to
study the statistical properties of VIKING galaxies in detail and place further selection
constraints on both the morphology and detection significance of quasar colour space
contaminants.

The VSA provides a number of morphological classifiers based on the curve of growth
of the independent detections of each source in a set of progressively inclusive aper-
tures. The finer details of this approach are discussed extensively by Irwin et al. [131,
in preparation], the main points are summarised as follows; measurements are made
on ellipticity and curve-of-growth statistics. The results are then compared at the de-
tector level to the average stellar locus as a function of magnitude. In this way each
detection is given a morphological classification statistic known in the VSA as the
mergedClassStat (MCS). For stars, this statistic is well approximated by an N (0, 1)
Gaussian distribution. Each individual classification is combined to give the overall
classification for each source.

At bright magnitudes stars and galaxies populate two separate and well defined MCS
loci. At faint magnitudes the galactic locus becomes indistinguishable from the stellar
locus. This is demonstrated in figure 4.2 where the MCS is shown as a function of J for
stars and galaxies selected from the VVC catalogue. The galactic locus begins to join
the stellar locus at J ≃ 19.
To investigate the best use of the MCS in discriminating against non-stellar morphol-
ogy, a sample of objects which are unmatched betweenVIKING and VIDEOwas added
to the VVC catalogue and flagged as ‘noise’. Figure 4.3 shows the completeness and
contamination of the stellar sample by galaxies and noise within the following con-
straints; −10 ≤ MCS ≤ 10 (solid curve), −7 ≤ MCS ≤ 7 (dotted curve), −5 ≤ MCS ≤
5 (dashed curve) and −3.5 ≤ MCS ≤ 3.5 (dash-dotted curve). It is clear that losses
in completeness are small compared to gains in minimising contamination. However
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Figure 4.2: ThemergedClassStat is plotted as function of J for stars and galaxies in grey
and black respectively. The two populations occupy distinct loci and are separable at
bright magnitudes. Increasing numbers of galaxies become indistinguishable from
stars beyond J ≥ 19.

even with the tightest constraints contamination contributes to ∼ 50 per cent of the
sample at the faintest magnitudes.

The VSA supplies a second useful set of morphological attributes called the pClass
statistics, which assign four probabilities to each source: pStar, pGalaxy, pNoise and
pSaturated. The pClass statistics are derived from a discrete classification flag based
on the passband levelMCS and several catches to make the classification more reliable
(e.g. for saturated sources). Each discrete classification corresponds to a reasonably
accurate, self-consistent probability for each of the allowed cases; star, galaxy, noise and
saturated. The possible classification flags and associated probabilities are reproduced
from the VSA in table 4.1.

Once each source has been given a passband level classification a combined, band
merged, classification is given as follows,

pClass =
∏i P(classk)i

∑k∏i P(classk)i
(4.0.1)

where classk is either star, galaxy, noise or saturated and i gives the ith band inwhich the
source was detected. For example given an object detected in J,H and Ks and classified
as -1,-2 and 1 respectively, using Table 4.1 and equation 4.0.1 one will find pStar =

73.5%, pGalaxy = 26.2%, pNoise = 0.3% and pSaturated = 0.0%. Note that since the
pClass statistics are derived from a set of discrete probabilities, they too may only take
on certain discretised values.
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Figure 4.3: Upper: The completeness of the VIKING-VIDEO-CFHTLS stellar sample
with various morphological selection constraints imposed (see legend and main text).
Lower: The contamination of the VIKING-VIDEO-CFHTLS stellar sample by galaxies
and noise with various morphological selection constraints imposed. All morpholog-
ical statistics are derived from VIKING imaging.

Flag Meaning Probability
Star Galaxy Noise Saturated

-9 Saturated 0.0 0.0 5.0 95.0
-3 Probable galaxy 25.0 70.0 5.0 0.0
-2 Probable star 70.0 25.0 5.0 0.0
-1 Star 90.0 5.0 5.0 0.0
0 Noise 5.0 5.0 90.0 0.0
+1 Galaxy 5.0 90.0 5.0 0.0

Table 4.1: Discrete morphological classification flags used by the VSA to assign the
pClass statistics. Every detection in the VSA is flagged, with each flag correspond-
ing to a reasonably accurate self consistent probability that the source is either a star,
galaxy, noise-like or saturated. These probabilities are combined across passbands
using equation 4.0.1 giving the pClass statistics.
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The VVC catalogue is restricted to sources fainter than J = 17.0 and so in all cases
pSaturated = 0.0 and pStar+ pGalaxy+ pNoise = 1.0. Figure 4.4 shows the VVC cata-
logue in pClass space. pGalaxy and pStar are plotted on the x- and y-axes respectively,
while lines of constant pNoise are given along the diagonals. The top left hand panel
plots colour selected stars. The number of objects at each point is indicated by the log-
arithmic colour bar. Similar plots are shown for colour selected galaxies and noise (i.e.
VIKING objects without a counterpart in VIDEO) as labelled. The discretised nature of
the pClass statistics is evident from the plots.

A large fraction of the noise and the majority of galaxies can be rejected with following
morphological cuts,

pNoise ≤ 0.6 (4.0.2)

pGalaxy ≤ pStar + 0.9 (4.0.3)

which are shown by the shaded regions in the figure 4.4

These constraints are placed on the VVC catalogue and in figure 4.3 the contamina-
tion and completeness of the stellar component from noise and galaxies with −3.5 ≤
MCS ≤ 3.5 is shown in grey. With the new constraints the contamination from galaxies
is significantly reduced with only a small reduction in completeness as the penalty.

Figure 4.5 (a) plots all VVC galaxies in the ZYJ plane. Galaxies passing the morpho-
logical constraints are plotted in panel (b), these galaxies are all indistinguishable from
stars. Panel (c) shows the galaxy sample after the morphological, quality control and
detection significance constraints have been applied. Only a small fraction of the orig-
inal galaxies remain. With the introduction of the morphological constraints 1.1× 104
quasar-like objects remain in the candidate catalogue. These objects are shown in fig-
ure 4.1 (d).

4.0.4 General constraints

A small fraction of the remaining objects can be rejected via a few more considered
‘broad-brush’ constraints.

VIKING shares a region of partial overlap with the SDSS foot-print in the ngc. At
long wavelengths throughput over the SDSS z-band is dominated by the quantum ef-
ficiency of the SDSS charged coupled devices (CCD), which become unresponsive at
λ ≃ 9000Å. Consequently quasars with z > 6.5 should be dark to the optically sensi-
tive SDSS instrument and any object detected by the SDSS in the VIKING-SDSS overlap
region can be rejected as a high-z quasar candidate. The VSA tables are cross-matched
with the SDSS DR7 and since the SDSS tables are held locally they can be accessed
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Figure 4.4: The VVC matched catalogue plotted in pClass space for colour selected
stars in the top left, colour selected galaxies in the top right and objects labelled noise
(i.e. detected in VIKING with no counterpart in VIDEO) in the bottom left. The x- and
y-axes plot pGalaxy and pStar respectively, while lines of constant pNoise are plotted
on the diagonals. The number of objects at a given point in pClass space is indicated
by the colour bar. Shaded regions show the morphological cuts (equations 4.0.2 and
4.0.3) placed on the VVC catalogue in order to remove galaxies and noise without also
removing significant numbers of stars (see main text for more details).
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Figure 4.5: The VIKING Z, Y, J colour plane for a highly complete sample of galaxies
selected from the VIKING-VIDEO-CFHTLS overlap region. Panel (a) shows all galax-
ies, Panel (b) shows remaining galaxies after morphological cuts have been imposed
and Panel (c) shows the sample after both morphological cuts and an 8σ detection sig-
nificance threshold in Y and J is applied. The red dashed line shows a conservative
colour selection constraint, which rejects all remaining galaxies.

at query time. Figure 4.6 shows linear and log-linear histograms of VIKING-SDSS
matched objects binned by angular separation.

Number counts are heavily peaked at angular separations of θr . 0.7 arcsec with
sparsely populated tales indicating that a small fraction of objects have been falsely
matched between surveys. Objects with positional offsets of θr ≤ 0.7 arcsec are as-
sumed to be associated and are rejected as quasar candidates. Some optically detected
sources will remain in the catalogue and will be rejected via visual inspection, as dis-
cussed in later sections.

A further few per cent of sources can be rejected by placing limits on inter-band astro-
metric offsets. Objects with a redshift have no detectable proper motion and so candi-
dates with positional offsets larger than 0.7 arcsec between any two bands are rejected.

Finally an automated routine flags objects which are located within regions around
bright stars affected by ghosting and diffraction spikes (chapter 2). Flagged objects
are visually inspected and those which are clearly affected by a bright neighbour are
discarded. This completes the first pass over the candidate list, leaving 1.0× 104 objects.
At this stage candidates that are too faint in the Z-band to be detected by the CASU
source extractor undergo independent aperture photometry via the Image Reduction
and Analysis Facility (IRAF) task phot. To ensure consistency with the CASUmeasured
magnitudes, counts are measured in CASU’s default 2 arcsec diameter aperture. All
other parameters are taken, for the relevant detection, from the VSA. Substituting terms
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Figure 4.6: VIKING shares a region of overlap with the SDSS in the ngc. The figure
shows the linear and log-linear histograms, binned by angular separation θr, in inter-
vals of ∆θr = 0.1 arcsec, for objects matched between the two surveys. Such objects
can be rejected since z ≥ 6.5 quasars are expected to be dark in optical passbands. The
histograms are heavily peaked at separations of θr ≤ 0.7arcsec. A sparsely populated
tail suggests that a small fraction of objects have been wrongly matched. Objects at
separations shortward of the red line at θr ≤ 0.7arcsec are rejected.

into equation 3.1.3 gives magnitudes in the asinh form as,

m′ = −1.08574
[

asinh
( f/ f0)
2b

+ ln b

]

, (4.0.4)

where the ( f/ f0) is the extinction corrected ratio of the observed count rate to the zero-
point count rate. Taking into account the attenuation of flux via extinction in the Earth’s
atmosphere at airmass X, with extinction coefficient κ(λ), and correcting for the loss of
light, A, due to the finite size of the extraction aperture, ( f/ f0) is given for the object
photon count, Cobj, at the zero-point magnitude p, for the relevant exposure time texp
by,

f

f0
=
Cobj

texp
10−0.4 [p−κ (X−1)−A], (4.0.5)

A more detailed discussion on the method of aperture photometry and of the variables
needed to make such a measurement is given in chapter 5.

All the remaining candidates are shown in figure 4.1 (e). Even if it were possible to
secure the necessary telescope time to follow-up these candidates, doing so would rep-
resent an inefficient use of scientific resources. At this stage the conventional approach
is to heavily confine the the area of searchable multi-colour space and work backwards,
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prioritising candidates based on some measure of their distance from the stellar and
galactic loci, perhaps by using brightness and signal-to-noise properties as (usually
qualitative) secondary constraints.

4.1 Colour selection

Take as an illustrative example the first follow-up of VIKING quasar candidates, which
was scheduled over three nights in June 2011. As a rough estimate one might expect
this to be sufficient to make ∼ 100 observations. This will seem better justified in
the following chapter by referring to the ESO exposure time calculator (ETC). Prior to
follow-up, there was expected to be ∼ 300 deg2 of data available from which to choose
candidates. This allows a first broad-brush selection constraint to be defined e.g. that
the candidate catalogue must be limited to ∼ 1 object per 3deg2. To place further, sim-
ilar benchmark constraints it is necessary to look in more detail at contamination of
quasar colour space. The word ‘benchmark’ is used here to emphasise that the follow-
ing approach will be conservative i.e. that the colour constraints will be tighter than are
perhaps necessary. In a real survey it is often useful to relax constraints e.g. so that one
can consider errors on candidates around the selection cutoff boundaries.

Referring back to figure 4.5 (c), most galaxies are concentrated within the main locus.
There are perhaps half a dozen sources lying sufficiently far from the galaxy locus to
be mistaken for potential candidates. Assuming that this distribution is typical for all
VIKING galaxies, then in the worst case scenario all outliers from the locus would be
considered for followup. This suggests, perhaps ∼ 10 extra-galactic contaminants per
deg2, although this is clearly a weak constraint. Better constraints can be placed on the
extent of extra-galactic contamination when candidates are identified spectroscopically.
For now, it is safer to work conservatively by placing a set of benchmark colour cuts
such that all galaxies are rejected. These cuts are shown by the red dashed line in
figure 4.5.

Figure 4.7 plots the simulated cool-star catalogue described in Chapter 3 in ZYJ colour-
colour space. Stars are represented as black points and contours. Plotted in blue is a
catalogue of ∼ 200 simulated 6.5 ≤ z ≤ 7.5 quasars. Each source has been ‘detected’
at the 8 σ level in Y and J and was drawn from a larger catalogue of ∼ 1000 quasars
with a uniform distribution in redshift. Given the colour selection space constraints
derived from the galactic sample above, the task here is simple; to refine these criteria to
allow ∼ 1 interloper per 3deg2 while simultaneously ensuring that the vast majority of
quasars lie within these constraints. One must also ensure that the revised constraints
do not constitute a relaxation of the above constraints.

The revised selection region is described by equation 4.1.1 and shown in figure 4.7 by
the dashed line, which encloses ∼ 500 interloping stars. As required, this corresponds
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Figure 4.7: The VIKING Z, Y, J colour plane for simulated cool stars (contours and
points) in the VIKING catalogue. Also shown are ∼ 200 simulated 6.5 ≤ z ≤ 7.5
quasars (open circles) drawn from a uniform distribution in redshift and ‘detected’
at the 8σ level in Y and J. The red dashed line defines a benchmark colour selection
region that encloses ∼ 1 object per 3 deg2 as was required by the conditions of our
follow-up campaign.

to roughly ∼ 1 interloper per 3deg2 over the entire 1500deg2 of the VIKING field.

Z− Y ≥ 1.375

Y− J ≤ 0.900 (4.1.1)

Z− Y ≥ 0.750 (Y− J) + 1.375

By comparison with a ∼ 1deg2 patch of VIKING data, it was shown in chapter 3 that
the modelled cool-star component of the VIKING catalogue, provides a realistic repre-
sentation of the colour and magnitude distributions of the true populations. It is inter-
esting to see how the above colour cuts, derived from the modelled catalogue, perform
when applied to the ∼ 290deg2 of data available in June 2011. As well as applying
these colour cuts the data-set was also subject to the detection significance, morpho-
logical and more general constraints applied in previous sections and each object was
visually inspected in VIKING image frames to ensure the integrity of the detection in
each passband (section 4.5). Figure 4.8 plots those objects falling within the benchmark
colour constraints. In total there are 133 selected sources, which compares well with
the ∼ 1 object per 3 deg2 predicted by the modelled catalogue.
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Figure 4.8: ZYJ colour plane for quasar candidates drawn from the ∼ 290 deg2 of data
in the VSA as of June 2011. A series of constraints including, detection significance,
quality control, morphological and colour, have been applied as described in the text.
The constraints limit the candidate list to ∼ 1 object per 3 deg2, as required by the
follow-up strategy.

4.2 Probabilistic candidate ranking

Although colour selection has proven extremely successful in the past it will struggle to
remain worth while into the next decade as very large area surveys (Ω ∼ 20, 000deg2)
with depths comparable to today’s state of the art wide field surveys become common
place [e.g. 69, 132, 133]. For rare object searches, the huge quantities of data necessitate
a change of tack and several authors have already started to adapt to this change, by
formulating candidate ranking schemes in a robust mathematical framework designed
to make efficient use of computational resources [e.g. 127–129, 134].

As a simple example of such a ranking scheme, consider the Monte Carlo realisation
of the colour space distributions of stars and quasars shown in figure 4.7. If one were
to place a grid over the simulated colour space, then according to the simulation the
probability of finding a real quasar in a given grid cell is Pq = Nq/(Nq + Ns), where Nq
and Ns are the number of simulated quasars and stars found in that grid cell. Assuming
that the model parameters describe the true distributions exactly, then in averaging
over increasing numbers of Monte Carlo realisations, the calculated probability would
approach the true probability.

Thus one may rank a candidate on the probability of finding a simulated quasar in the
region of colour space it occupies. This is an adequate starting point for a candidate
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ranking scheme but it is not the finished product, since it neglects to consider all the
information at ones disposal.

One obvious improvement would be to incorporate the extra information supplied by
the measurement errors on each candidate. This random photometric error acts to
perturb the true flux of a candidate to the flux that is actually observed.

For faint objects such as high-z quasars measurement errors are well known to be dom-
inated by the uncertainty in the sky background estimation, which is typically Gaus-
sian distributed. In other words the scatter induced in the true flux of a candidate by
a measurement error is governed by a Gaussian probability distribution. This fact pro-
vides the opportunity to determine the probability that an object at a point in observed
colour space has been scattered from some other point in true colour space, or more
specifically, points occupied by the stellar and quasar populations.

This is best quantified by the likelihood, which is defined as the probability of obtaining
a particular data set while assuming a certain hypotheses is true, or in the present
context, the probability of a candidate having an observed colour assuming that it has
originated from the stellar or quasar loci.

The likelihood shall be defined more formally below but first it is useful to note that
unlike the Monte Carlo approach, which assigns a pre-determined probability to a re-
gion of colour space, the value of the likelihood is actually dependent on the data set
itself.

Both approaches give a valid measure of probability and they may be combined to give
a further measure via the use of Bayes’ theorem. Initially the best constraint is given
by ones prior belief, for instance the relative numbers of stars and quasars expected
at given point in colour space. The crux of the Bayesian philosophy is in the use of
evidence, or data, to weight the initial hypothesis as the evidence accumulates.

The first Bayesian algorithm designed specifically for high-z quasar candidate ranking
was put forward by Mortlock et al. [130] and employs Bayesian model comparison
techniques, in which candidates are ranked on the likelihood that they have scattered
from the true (error-free) stellar and quasar loci. The technique has worked well for
near-infrared searches in the UKIDSS-LAS and a similar approach is followed here.

Following Mortlock et. al. two distinct hypotheses are put forward for examination;
that a given candidate is a high-z quasar or a cool-star, denoted Q and S respectively.
As shown previously in this chapter, significant contamination from galaxies can be
avoided via morphological and detection significance constraints. In this case, the ex-
tent of galactic contamination will be known post ranking and further measures to
reduce such contamination can be investigated as and when the need arises.

In the following, we switch from working in colour space to work in flux space. The
reason for this change is that the use of colours unnecessarily washes out informa-

86



CHAPTER 4: QUASAR CANDIDATE SELECTION

tion on source brightness. This is particularly problematic in the case of high-z quasar
selection since, as shown in figure 3.5, bright quasars are rarer than faint quasars. Fur-
thermore the use of fluxes over magnitudes and colours allows for the correct interpre-
tation of negative fluxes, which are simply a side effect of the more general problem of
randommeasurement error, which has already been discussed.

Given a data setD = { f1, f2, ..., fND} containing ND flux measurements of a given can-
didate, the interpretation of probability as the confidence in the hypothesis Q is quan-
tified by Bayes’ theorem as

P(Q|D, I) =
P(D|Q, I) × P(Q|I)

P(D|Q, I) × P(Q|I) + P(D|S, I) × P(S|I) . (4.2.1)

where all probabilities are conditional on the available background information con-
tained in the set I, that is to say, there is no absolute probability. In this case the back-
ground information is simply that the source under consideration has been detected at
all.

To appreciate how equation 4.2.1 relates to the problem in hand a few definitions are
useful; the subject of equation 4.2.1, which is hereafter termed Pq, is the posterior prob-
ability and represents the level of confidence in a hypothesis in light of the data. In
this case it is the confidence that a particular candidate is a high-z quasar given its
measured photometry. The terms P(Q|I) and P(S|I) are known as the priors, since
they represent the state of knowledge prior to consideration of the data. Our anterior
knowledge of the problem is provided by the Monte Carlo simulation which gives the
surface density of objects from either class having the measured properties. The priors
are then scaled by the likelihoods P(D|Q, I) and P(D|S, I), which describe the chance
of obtaining the data given the hypotheses, or more specifically the probability of ob-
taining the measured photometry, from the intrinsic photometry described by Q or S
and some underlying distribution of photometric scatter.

With a suitable modelM, to describe the hypothesised distribution of intrinsic photom-
etry, one can assume that the observed flux fD,B in the arbitrary bandpass B has been
perturbed from its intrinsic flux fM,B as a result of photometric scatter σD,B, which is
Gaussian distributed. The likelihoods may then be computed over NB bands via an
iterative process as follows

P ( fD,B | fM,B) =
NB

∏
B=1

1

(2π)
1
2 σD,B

exp

{

− 1
2

[

fD,B − fM,B
σD,B

]2}

(4.2.2)

which is a Gaussian distribution with a diagonal covariance matrix as appropriate
where inter-band noise correlations are negligible.

As in chapter 3 the quasar population model can be constrained from information at
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lower redshift, where the photometric properties and number densities of quasars are
well known. Mortlock et. al constrain the stellar population via a maximum likelihood
fit to the real data. In the case of VIKING, this was not possible with the limited data in
the initial release. An adequate substitute is the simulated stellar population derived
in chapter 3, which was shown to predict the properties of the VIKING catalogue well.

There are however, some important differences between the catalogues modelled pre-
viously and those used for the probabilistic ranking. The following section describes
these differences and tests the ranking algorithm on simulated test-set data to compare
the approach to the traditional colour selection strategy.

4.3 Testing the ranking algorithm

In equation 4.2.1 the modelled catalogues are represented by Q and S, which reflect
the intrinsic rather than the error perturbed distributions of each population. In chap-
ter 3 catalogues were constructed to reflect the error perturbed distributions so for the
purpose of probabilistic ranking each catalogue is re-constructed omitting Gaussian
photometric errors. A second notable difference is that the new catalogues extend well
beyond the VIKING detection limit. This ensures that faint interloper candidates, i.e.
candidates which have found their way onto the candidate list as a result of photomet-
ric scatter, are dealt with fairly. The resulting catalogues then contain the photometric
distributions, intrinsic to high-z quasars and cool-stars, which will be used to form the
likelihoods.

The other ingredients are the prior probabilities, which describe the number densities
of each population in flux space. This information is contained in the 3-dimensional
density histograms of the catalogues described above. Thus, the resulting models of
the cool-star and high-z quasar populations exist in two components, Q = {QC,QH}
and S = {SC, SH}, where subscripts C and H refer to the catalogue and histogram com-
ponents respectively. Once these steps have been completed the algorithm proceeds in
the following fashion

(a) A high-z quasar candidate with measured photometry D = { fZ, fY, fJ} is drawn
from the list of candidates.

(b) QH and SH are sampled at the relevant flux space bins. The occupancies of these
bins are the values given to the prior probabilities P(QH|I) and P(SH|I).

(c) The dataD is compared to QC and SC via the likelihoods. For a modelled catalogue
of NC sources, each with intrinsic flux fC,B in a given band, an iterative procedure
is used such that P ( fD | fC, I) = Σ

NC
C=1Π

NB
B=1 P [ ( fD)B,C | ( fC)B,C, I ]

(d) Bayes theorem is employed to assign a probability to the candidate.
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(e) The process is repeated for all candidates and finally candidates are ranked on their
probabilities.

In order to test the ranking algorithm, 50 of the input quasars were omitted from the
construction of QC and QH and used instead in the construction of a further catalogue
containing 104 simulated VIKING observations of quasars in the redshift range 6.5 ≤
z ≤ 7.5 (i.e. including Gaussian photometric scatter). This catalogue was then used as
a test set, whereby each simulated observation was run through the ranking algorithm
and given a quasar probability based on its simulated photometry. The results of this
exercise are shown in figure 4.9 where the test set is plotted in the VIKING ZYJ colour
plane, each object is colour coded according to its probability. The black line shows
the average evolution of the quasar locus as a function of redshift. The dependency of
quasar probability on photometric scatter is clear, most quasars around the extremes
of the distribution have large photometric scatter and consequently are almost always
better explained as being stars.

In producing figure 4.9, the only pre-requisite is that quasars must have representable
logarithmic Y- and J-band magnitudes. For typical quasars, probabilistic ranking be-
comesmore reliable as the signal-to-noise increases. A further use of the test-set quasars
is to investigate the relationship between signal-to-noise and Pq. Figure 4.10 plots the
signal-to-noise of each test set ‘detection’ in Y and J, colour coded according to quasar
probability. Most well detected objects are highly ranked, but there are reasonably
well defined drop-offs in Pq evident along both axes towards lower signal-to-noise.
This allows threshold detection limits to be defined, below which, quasar selection via
probabilistic ranking will become unreliable. In this instance the thresholds are shown
by the solid lines in figure 4.10 and are taken to lie at S/N ≤ 7σ in both Y and J.
One final point worth noting is that the ranking algorithm is necessarily biased to-
wards the highest redshift quasars. This is inevitable since the higher the redshift the
further the object lies from the stellar locus. At z ≃ 6.5 the Lyα transition contributes
significant flux in the Z-band and with colours of Z− Y ≃ 1.75, z ≃ 6.5 quasars are
only marginally redder than the coolest M-dwarfs, a fact which is authenticated by fig-
ure 3.2. Consequently most z ≃ 6.5, quasars receive a low Pq and are unlikely to be
selected with ZYJ photometry using this method. This is evident from figure 4.9.

The discovery of a significant sample of z . 6.5 quasars in the UKIDSS-LAS made
significant use of i-band data from the SDSS [37, 73–76]. At z ≃ 6.5, quasars lie ∼ 3.5
magnitudes redward of the coolest M-dwarfs in i − Y. In the near future the VST is
expected to provide complementary optical data with a∼ 2.5 magnitude gain in depth
over the SDSS. Over the first five years of operation, the VST will conduct three imag-
ing surveys in various optical passbands. The Kilo-degree Survey [KIDS; 78] will be
twinned with VIKING and will provide complementary optical imaging over the SDSS
u, g, r, i passbands, allowing high confidence probabilistic selection of z ≃ 6.5 quasars.
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Figure 4.9: A simulated catalogue of 6.5 ≤ z ≤ 7.5 quasars in the VIKING ZYJ colour
plane. Each object is colour coded according to the probability Pq, that it is a quasar
in the simulated redshift range. The thick solid line shows the average quasar red-
shift evolution track. Most objects lying significantly far from this track have large
photometric errors and are consequently much better explained as being cool-stars.
Quasars with z . 6.6 are only marginally redder than the coolest M-dwarfs and as
such are mostly better explained as being cool-star interlopers. Forthcoming i-band
data from the VST is expected to improve this situation.
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Figure 4.10: The YJ signal-to-noise distribution for a set of simulated quasars in the
redshift interval 6.5 ≤ z ≤ 7.5. Each object is colour coded according to its quasar
probability Pq. Probabilistic ranking is effective down to reasonably well defined
signal-to-noise thresholds shown by the vertical and horizontal lines at (S/N)Y = 8
and (S/N)J = 8.
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In the most immediate future, the first VIKING quasar searches will be significantly
biased against quasars with z . 6.5.

4.4 Completeness

In section 4.1 a set of benchmark selection constraints including colour, morphological
and significance based discriminants, were defined to contain ∼ 1 high-z quasar can-
didates per 3 deg2. This corresponds to ∼ 500 candidates over the entire 1500deg2 of
the VIKING field that will require at least follow-up imaging, an achievable goal over
the nominal five-year lifespan of the survey.

The estimated completeness contours for this selection strategy are shown as a func-
tion of J and redshift in figure 4.11 (a). The completeness function was determined
by placing 104 simulated quasars (as described in chapter 3) into the VIKING selec-
tion space defined above. Completeness is defined here as the fraction of catalogued
quasars (i.e. those detected by the CASU source extractor) of intrinsic J-band magni-
tude J and redshift z, with observables that pass the morphological, significance and
colour constraints outlined above.

The total mean completeness of the survey is ∼ 60 per cent over the redshift interval
6.5 ≤ z ≤ 7.5 and the magnitude interval 18.0 ≤ J ≤ 20.8. The completeness is robust
against moderate changes in the selection criteria that maintain the ∼ 1 interloper per
3deg2 requirement.

The conservative selection constraints imposed on the simulated catalogue maintain a
completeness that is comparable to but slightly lower than the highly successful SDSS
and CFHTLS quasar searches in the optical and the UKIDSS search in the near-infrared
[4, 125, 135, 136]. The difference can be accounted for firstly by our conservative se-
lection constraints and secondly because completeness estimates in these searches do
not consider the losses due to morphological rejection. With a mean completeness of
∼ 60 per cent, the quasar number count models derived in chapter 3, suggest that
∼ 1.5 quasars in the interval 6.5 ≤ z ≤ 7.5 will be selected from the first ∼ 300deg2 of
VIKING imaging, by the benchmark selection constraints.

Estimated completeness contours for the selection strategy based on probabilistic rank-
ing are shown in figure 4.1.1 (b). Here the completeness is defined with the same mor-
phological constraints as above, however significance constraints have been relaxed to
accept candidates detected above the 7σ level in Y and J and colour constraints have
been replaced by a threshold Pq ≥ 0.01. This choice is somewhat arbitrary and part of
the appeal of the probabilistic ranking method is that the choice of threshold Pq can be
set according to the specific conditions of the search, available follow-up time being a
good example. The total mean completeness is ∼ 67 per cent, representing a signif-
icant improvement over colour selection method. The difference is largely accounted
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Figure 4.11: Panel (a): Estimated completeness for the benchmark colour selection
constraints described by equation 4.1.1. Contours are plotted in J vs. z and increase
in intervals on 0.1. The selection function accounts for loss of completeness from all
significance, colour and morphological constraints described in the text. Panel (b):
As for panel (a) but where colour constraints have been replaced for a benchmark
Pq ≥ 0.01.

for by the relaxation in detection significance thresholds. With a mean completeness of
∼ 67 per cent, the quasar number count models predict ∼ 1.7, 6.5 ≤ z ≤ 7.5 quasars
from the first ∼ 300deg2 of imaging.
It is important to mention that the completeness will be further affected by a few ad-
ditional factors not modelled here. Firstly, loss of completeness due to survey ‘holes’
caused by ghosts around bright stars; secondly, blending with foreground objects caus-
ing genuine quasars to move bluewards in Z− Y and be rejected and finally, non-
Gaussian errors and spurious detections causing increased contamination compared
to the models.

The bright-star losses are expected to be relatively small, rejecting typically a few per-
cent of the sky. Secondly, the losses from chance projection of foreground objects are
also modest; at Z ∼ 23 the surface density of objects is ∼ 10 per arcmin2, so if we as-
sume (conservatively) real quasars will be rejected if closer than 2 arcsec to such an
object, this will cause an inefficiency of 3.5 per cent.

Finally, there are many sources of non-Gaussian errors which may create spurious Z-
dropouts, including moving objects such as asteroids, image persistence, hot pixels, etc.
The VIKING observing strategy ensures that each object is observed at approximately
8 jitter positions on different pixels, and also that the J-band imaging is split into two
epochs separated by weeks or months. Using this, it is expected that almost all spuri-
ous, time-variable and moving objects can be rejected by checking of individual data
frames, though the precise number remains to be quantified in detail.
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4.5 Selecting candidates

Candidate selection via Bayesian probabilistic ranking has already seen great success in
the UKIDSS-LAS, where seven high-z quasars have been discovered in ∼ 2600deg2 of
imaging (see Section 4.4 for supporting references). Conceptually the approach taken
by the UKIDSS team is no different to that taken here, however there are some notable
differences regarding data input and implementation.

Firstly, UKIDSS searches have access to i-band data over most of the LAS field, the
need for i-band data in the selection of z ≃ 6.5 quasars was discussed in section 4.3.
Secondly the approach taken by the UKIDSS team in modelling the population of cool-
stars was to fit directly to colour and magnitude distributions of the LAS imaging data,
which differs markedly to the approach taken here. Although the models used here
work well in characterising simulated test set data, they are yet to be tested in real
world scenarios.

In practise then, selection was carried out independently by members of the VIKING
working group and a combination of colour selection and probabilistic ranking was
used to converge on the final candidate list. The work done during this thesis was
concerned with probabilistic ranking. All candidates observed during follow-up were
ranked probabilistically, regardless of the initial selection method. In the next chapter
these candidates are discussed in detail, in the this section, selection via the ranking
algorithm is discussed in more general terms.

At the beginning of this chapter a catalogue of 3.2× 105 objects with quasar like colours
was defined by a set of colour cuts laid down in chapter 3 and described by equa-
tion 3.3.1. By section 4.0.4 this catalogue was reduced by a factor 0.97 to 1.0× 104 via a
wide and varied series of cuts. Figure 4.12 (a) shows the remaining sources in the ZYJ
colour plane after probabilistic ranking. Objects with Pq ≥ 0.01 are depicted by open
circles and colour coded according to their Pq. The power of the ranking algorithm is
immediately clear. In total just 155 candidates are selected with Pq ≥ 0.01.
Automated tasks have already been employed to remove either false detections (Chap-
ter 2) or real objects which can be ruled out on the basis of e.g. optical detections, de-
tectable proper motions, quality issues etc. At this stage there are possibly unknown
issues still inherent in the data, as well as known issues that have been missed by the
automated routines. To remove such detections each of the remaining candidates must
undergo visual inspection. Figure 4.13 shows examples of a number of themost promi-
nent issues found during this stage, details are listed correspondingly below;

(a) As discussed in chapter 2, bright star ghosting and diffraction spikes affect the
photometry of objects lying in their immediate vicinity. Similarly bright stars pro-
duce local maxima around them which are interpreted as detections by the source
extraction software. The size and position of halo ghosts around bright stars is
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Figure 4.12: Panel (a): The candidate catalogue as of section 4.0.4. Each source has un-
dergone probabilistic ranking and those with Pq ≥ 0.01 are colour coded accordingly.
Panel (b): As in panel (a) but after visual inspection of each source on VIKING image
frames has led to the further rejection of spurious candidates.
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predictable and most objects affected in this way were removed prior to ranking.
The presence of diffraction spikes is a much more complicated problem and many
diffraction spikes found their way through the automated routines designed to re-
move them.

(b) Large numbers of images were found to be affected by a similar pattern of noise
in all consecutive images over different passbands. The reason for this inter-band
correlation is unclear, but false multi-band detections on spatially correlated noise
spikes can be clearly identified.

(c) Detector 4 is affected by a set of bad rows that do not correct well during image
processing. False multi-band detections on spatially correlated bad pixels are not
difficult to spot and can be easily removed.

(d) Close near neighbours may give incorrect photometry because light from multiple
sources falls within the aperture. The true photometry of candidates affected by
close neighbours cannot be easily reconciled and thus such sources are avoided.

(e) Detector 16 is affected by variable quantum efficiency on short timescales, which
makes accurate flat fielding impossible. The top half of the detector bares the brunt
of this unfortunate fault and the effect is more prominent at shorter wavelengths.
In worse case scenarios science images show the mottled pattern seen in the figure,
which can cause either false detections or false drop-outs. Detector 16 images are
usually easily identifiable.

In section 4.0.4 some effort was made to remove candidates with SDSS counterparts
found within 0.7arcsec of their VIKING positions. Any remaining optically detected
objects are removed at this stage by visually inspecting candidate positions in SDSS cut-
outs. Rejection of optical candidates and those affected by the issues outlined above,
leaves the 50 objects shown in figure 4.12 (b). All remaining candidates are put forward
for follow-up imaging.

4.6 Summary

The selection of high-z quasar candidates from the VSA via two contrasting methods
has been investigated. A catalogue of objects with quasar-like colours was extracted
from the VSA and a set of ‘broad-brush’ constraints applied to retain only the most
promising objects. A region of ∼ 1deg2 matched to deep optical and near-infrared
observations from the VIDEO and CFHTLS surveys provided accurate optical-near-
infrared colours which were employed to give robust star galaxy separation in this re-
gion. The sample was then investigated to place morphological constraints on VIKING
point sources.
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Figure 4.13: Visual inspection of highly ranked (Pq ≥ 0.01) quasar candidates reveal
many spurious detections or drop-outs. Common issues are shown here and described
in an itemised list, (a) - (d), in the main text. Candidates are positioned at the centre of
each image.

A simulated catalogue of the cool star component of the VIKING survey was then
employed to place some tight colour selection constraints on the quasar candidate list,
limiting objects to a reasonable number for follow-up study.

For comparison, the mock VIKING catalogue was employed along with a mock quasar
catalogue in a Bayesian model comparison strategy to rank objects on the probability
that they were drawn from a population of quasars.

The completeness functions of the two strategies were then compared and it was found
that probabilistic technique is the more complete. This strategy was employed to rank
the quasar candidate list. Highly ranked candidates were put forward to the VIKING
working group for follow-up observations.
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Photometric followup

Given any high-z quasar candidate, a low-resolution spectrum would be sufficient to
confirm the true nature of the source without question. A low-quality spectrum of
a typical candidate could be obtained in ∼ 30 minutes on an 8m telescope. In the
previous chapter 50 such candidates were earmarked for follow-up observations and
since most of these are expected to be cool-stars scattered to quasar like colours, it is
muchmore efficient at this stage to refine and extend our knowledge of the photometric
properties of these sources in order to identify the false positives prior to spectroscopy.

The follow-up of VIKING quasar candidates was undertaken by a number of members
of the VIKING working group. The 50 candidates defined in chapter 4 form a sub-
sample of a larger set of interesting candidates put forward independently by members
of the group, a fraction of which have since undergone follow-up imaging as discussed
in the following chapter.

As a requirement of their selection, candidates are already reasonably well detected
in both Y and J and thus most of the uncertainty in their photometry comes from the
Z-band, in which they are necessarily faint. Thus follow-up in the Z-band is crucial for
independent confirmation of the expected break shortward of the VISTA Y-band.

As was discussed in chapter 4, other than the Z-band, the i-band offers very useful
information. At z ≥ 6.5 quasars are all but dark in the i-band and as we shall see the
expected significant contamination fromM-dwarfs and to a lesser extent early L-dwarfs
can be efficiently identified by a detection in a short i-band exposure. The combination
of i- and Z-band observations thus have the potential to unequivocally rule out the
Lyα break in the majority of contaminant objects in the sample, thus cutting the sample
size down to such a level as to make spectroscopy a more realistic possibility. Having
decided on a wavelength regime in which to observe the quasar candidates the next
step is to decide on a suitable telescope and instrument.
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5.1 The ESO New Technology Telescope

The ESO New Technology Telescope (NTT) Faint Object Spectrograph and Camera 2
[EFOSC2; 137] offers a z-band filter with a transmission profile very similar to the corre-
sponding SDSS filter. The EFOSC2 i-band filter is slightly redder than the SDSS equiva-
lent having a central wavelength and FWHM of 8024 Å and 1493 Å respectively. That
is compared to the SDSS i-band which has a slightly bluer central wavelength of 7481
Å and a FWHM of 1526 Å. The EFOSC2 filter/detector combinations are henceforth
referred to as iNTT and zNTT.

EFOSC2 is permanently mounted at the Nasmyth B focus of the 3.58m NTT at the La
Silla observatory in Chile. The NTT is a facility that has been well used by members of
the VIKING working group [73] and it is natural to investigate its potential to isolate
6.5 ≤ z ≤ 7.5 quasars.
As we have seen, the most common contaminants of quasar selection space are ex-
pected to be late M- and early L-dwarfs. Figure 5.1 plots the synthetic colours of
quasars and cool-stars in various combinations of the iNTT, zNTT, Y and J bandpasses.
The plots show that z ≥ 6.5 quasars are ∼ 4mags redder than the coolest L-dwarfs in
iNTT − Y, making this combination a powerful tool in establishing the high-z nature of
any true quasar, or more likely, the Galactic nature most cool interlopers.

The coolest T-dwarfs can be significantly redder than the coolest L-dwarfs, with iNTT −
Y ∼ 6. The quasar candidate list extends to magnitudes as faint as Y ≃ 20.5, so for
the coolest T-dwarfs one would expect a magnitude iNTT = 26.5 and like the targeted
quasars, this renders the coolest T-dwarfs essentially dark in iNTT. Candidates have
been selected with strong constraints in the near-infrared and most T-dwarfs will have
been ruled out in the selection process by virtue of their red Y− J colours in comparison
to quasars. It would not be surprising to find that a small number of T-dwarfs still
remain in the candidate list after follow-up imaging has ruled out the warmer stars.
As has already been discussed, such objects are rare and a confirmed detection would
constitute an useful scientific discovery in its own right.

Unsurprisingly, the zNTT, Y, J colour plane shown in figure 5.2, is very similar to the ZYJ
colour plane. However an observation in zNTT, will provide important independent
information on the presence or lack of a Lyα break blueward of the VISTA Y band. To
confirm the break, an observation similar in depth to that of the original VISTA Z-band
image is all that is required.

Candidate follow-up in iNTT and zNTT seems like a valid option in principle. To de-
termine if such a campaign of follow-up is workable in practise, ESO provide an ECT
[exposure time calculator, 138].

The late M- to early L-dwarf sequence extends to iNTT − Y ≃ 3.25, thus a colour of
iNTT − Y > 3.75, i.e. undetected down to iNTT ≃ 24.25 at the 3σ level, would therefore
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Figure 5.1: Left: Synthetic colours of cool stars and quasars in the iNTTY, YJ colour
plane. Right: The iNTTY, zNTTJ colour plane. z ≥ 6.5 quasars are significantly redder
thanM- and L-dwarfs in iNTT−Y, which is good reason to obtain deep i-band imaging
of high-z quasar candidates.
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Figure 5.2: The zNTT YJ colour plane. zNTT imaging of quasar candidates will confirm
the VIKING Z-band photometry.

signify an interesting object. Aiming to observe ∼ 100 of the most promising candi-
dates put forward by the VIKING working group in iNTT, while optimistically antici-
pating 3 high-z quasars (work in chapter 3 suggest ∼ 1.5 to be a more realistic haul)
requiring zNTT observations, it is possible to determine the telescope time required from
the ESO ETC.

Assuming observations are made at an airmass of 1.6, in seeing conditions of 0.8 arcsec,
seven days from a newmoon (i.e grey time), EFOSC2 can reach the required iNTT limits
in 625 seconds. Including overheads e.g. pointing, telescope preset, detector read-out,
this corresponds to 15 minutes per target.

In similar conditions a 600 sec exposure in zNTT will reach 24.0 mags at 3σ, which is all
that is required to confirm or rule-out the Lyα break. Assuming three quasars are in the
sample, each of which will require zNTT observations, the total telescope time required
is 25.75 hours, or 3 nights.

A proposal for time was put forward to ESO in September 2010. Time was awarded
over three nights in June 2011 on program 087.A-0655(A).
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5.2 Observations

Given the faint nature of our quasar candidates, optimising signal-to-noise becomes a
crucial factor in confirming a detection or otherwise. Steps can be taken to increase
signal-to-noise both at the imaging stage (as discussed here) and at the data reduction
stage (section 5.3). Signal-to-noise is an increasing function of exposure time, but in a
rare object search there is an obvious trade-off in maximising target coverage and en-
suring that the most interesting candidates are well exposed. An observation strategy
needs to be designed to balance these two factors.

5.2.1 Observation strategy

The noise inherent in photon counting comes from two distinct processes, the mea-
surement of the signal itself, known as the source of object noise, and the noise from
foreground light in the Earth’s atmosphere, known somewhat ambiguously as the sky
background. On a photometric night at La Silla, the I-band sky brightness is typically
I ≃ 19.5 arcsec−2 [138], which in this case is several magnitudes brighter than our tar-
gets. Thus the object noise is negligible and the photon noise from the sky background
dominates.

For a Poisson process the noise or uncertainty in the distribution is given by the stan-
dard deviation as σPoiss =

√
N, with N being the number of events or counts in a given

interval. For astronomical observations the counts of interest are those associated with
an astronomical source. For sky-limited observations the contribution to the total count
from the source count, Cobj, is small compared with that from the sky Csky, and the
signal-to-noise attributed to the photon counting processes is S/N = Cobj/

√
Csky. In

considering the count rate rather than its integral, it is clear that the signal-to-noise
increases with exposure time, S/N = Ċobj

√

texp/Ċsky.

Given the large number of candidates, it is desirable to devote longer integration time
to the more interesting of them, which will typically be those that are undetected in
iNTT. The sum of multiple Poisson distributions is itself a Poisson distribution and thus
the sum of multiple exposures on the same object retains the signal-to-noise character-
istics of a single long exposure. The most effective use of our three nights then, will be
to take short initial exposures on a large number of candidates in iNTT on the first night
and on subsequent nights, take longer iNTT and zNTT exposures on those that were un-
detected. Images can then be co-added to increase their effective exposure times. This
allows for a much more effective observation strategy than would be offered by single
long exposures on each candidate.
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5.2.2 Imaging summary

The first VIKING quasar candidates were observed in iNTT and zNTT imaging by the
EFOSC2 on ESO’s NTT1 over a three night period between 26th - 29th June 2011.

In total 129 science exposures were taken of 44 candidates2. All candidates were ob-
served in iNTT to depths of ≥ 23.5 mag at the 3σ noise level. At these depths z ≥ 6.5
quasars are dark in optical passbands so candidates showing a visible flux peak in these
images were discarded, while those without detections were re-observed in iNTT and
zNTT.

Candidates are plotted in the VISTA ZYJ colour plane in figure 5.3. Error bars show
the sky noise about the measured magnitudes with arrows representing lower limiting
colours. Each candidate underwent probabilistic ranking prior to follow-up observa-
tion and each object is colour coded according to Pq. With the final candidate list having
been compiled from a number of independent methods (including probabilistic rank-
ing; chapter 4) candidate rank was not used definitively at this stage to accept or reject
candidates, but rather as guide to prioritising them.

In total just 6 candidates appeared undetected in iNTT images that reached 3σ magni-
tude limits of iNTT > 24 (this has since been confirmed with aperture photometry).
These objects are plotted as large open circles.

The iNTT drop-out lying at Z− Y ≃ 1.0, Y− J ≃ 1.0 is a faint (S/N ≃ 6 in Y) low-
priority candidate andwould not normally have been observed but for a nightly period
in which most high priority candidates were not visible. Given its low priority it was
not observed in zNTT. Excluding this object there remain five strong iNTT drop-out
candidates which were subsequently followed up in zNTT in order to confirm a break
shortward of the VISTA Y-band. All were found to have a combination of colours in
iNTT, zNTT, Y and J consistent with 6.5 ≤ z ≤ 7.0 quasars.
The remainder of this chapter looks in detail at the reduction of the NTT imaging
frames, subsequent measurements of the NTT photometry and presents the first re-
sults and tentative science from the VIKING high-z quasar search.

5.3 CCD Reduction

There are a number of factors which must be properly accounted for before accurate
photometric measurements can be made from the NTT images. In particular the ob-

1Based on observations made with ESO Telescopes at the La Silla Paranal Observatory under pro-
gramme ID 087.A-0655(A)
2Given the modest area covered by VIKING at this stage (∼ 350 deg2), it should be noted that the

observation run was heavily dictated by the visibility of the patchy VIKING footprint throughout the
night. Thus the observations presented here do not represent an exhaustive list of our highest priority
candidates.
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Figure 5.3: High-z quasar candidates in the VISTA ZYJ colour plane. Candidates are
colour coded according to their probabilistic rank, Pq and over-plotted on a set of
quasar colour evolution tracks labelled according to redshift. After NTT follow-up
imaging, six candidates remain undetected in iNTT and are plotted as large open cir-
cles. Error bars show the 1σ noise about the measured colours.
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serving system is imperfect and leaves both noise and residual systematics in the im-
ages. These effects are collectively known as the instrumental signature and require
careful removal.

5.3.1 Instrumental signatures

Instrumental signatures can vary from instrument to instrument but common to all is
the thermal and electronic noise and the inhomogeneous illumination of the detector.
These signatures are inherent over the entire CCD. Othermore localised structures such
as faulty pixels, rows or columns are of less importance here since they are unlikely to
effect a single point source measurement over the 4 arcmin2 field of EFOSC2. The same
is true of satellite trails and cosmic ray hits, so the reduction requirements of the NTT
images are the fundamentals described in this section.

Thermal noise

The laws of thermodynamics dictate that CCDs must have a non-zero temperature.
Thus the high energy tail of the Fermi-Dirac distribution maintains a population of
electrons in the CCD pixels without the need for ‘activating’ photons. This is known
as the dark current and it can be isolated by taking an exposure with the camera shut-
ter closed. The dark current can then be subtracted from science images. In practise,
however cryostatic cooling of the detector in modern facilities such as the NTT renders
the dark current insignificant (< 6 electrons pixel−1 hour−1 for the NTT) and it can be
reasonably neglected. However with the NTT a dark frame is necessary since it is the
only way to isolate the read-out signal bias.

Read-out signal bias

The bias is the electronic offset level due to the electronics and physical pixel character-
istics. The bias is contained in an image taken with the shutter closed for the shortest
possible exposure time. The bias frame can then be subtracted from the science frame.
If a dark has already been subtracted there is not need to correct for bias since the dark
already contains the bias signature.

Flat field correction

The final step in the basic reduction procedure is the flat field correction. The flat field
corrects both for variations in pixel to pixel sensitivity and inhomogeneous illumina-
tion of the CCD. These signatures are inherent in the science images.

The inhomogeneity in the science images is isolated in an exposure of a homogeneously
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illuminated area, which may be a flat screen, commonly referred to as a dome flat, or
an image of the sky towards the zenith point just after sunset, as in a twilight flat. Flats
also contain the bias and so this needs to be subtracted before the process of flat fielding
can begin.

During twilight the sky brightness changes quickly, likewise dome lamps do not pro-
vide a constant flux. Thus flat field images must be normalised to unity and re-scaled
to sky-level in the science images before application.

All of the above mentioned signatures contain noise, thus in correcting for instrumental
signatures by subtracting the bias or dividing by the flat, the noise that is native to
the calibration frames is copied to the science frames. In general calibration noise in
modern instruments is low, but it is nevertheless important to retain control of it. Thus
it is advisable to combine multiple calibration frames and average out the noise. The
combined frames are known as the master-dark, -bias and -flat.

Image co-addition

Since we are on the subject of image combination, it is useful to describe the process
that will be taken for both calibration and science frames in order to increase effective
exposure time.

The two common options considered here are the median and mean combination. If a
small number of images are to be combined then one should consider themedian, since
it is more resistant to outliers. However one should also be aware that for Gaussian
distributed noise (i.e. for a high count rate), the noise level in the median is a factor
∼ 1.25 larger than in the mean [139]. Thus in averaging science, bias and flat field
images, the mean average is taken here.

To avoid the effects that outlying pixels can have in biasing the mean, a clipping algo-
rithm is employed prior to combination. Mean pixel values are calculated excluding
the extrema and deviations of greater than 2.3σ are rejected. The mean is again calcu-
lated from all remaining pixels and the clipping procedure is invoked once more. This
process continues until all remaining pixels are within 2.3σ of the mean.

All stacked science and calibration frames are produced frommean combinations after
undergoing this clipping algorithm. The entire process is undertaken by the IRAF taskimombine.
Reduced images

Once the master calibration images have been produced the reduction process is given
as
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(a) (b)
Figure 5.4: iNTT-band short 5 sec exposure before (a) and after (b) bias correction and
flat-fielding. Most obvious is the removal of the large scale gradient across the image.

Reduced science image =
raw science image−master bias
master flat−master bias (5.3.1)

Figure 5.4 shows an image of a bright 13th magnitude star taken with the NTT before
and after reduction. Panel (a) shows the initial raw image inwhich subtle imperfections
and large scale gradients across the image are visible. Panel (b) shows the reduced
image in which the improvements are clear.

In this case, given the brightness of the target, a short 5 second exposure is all that was
required to obtain a high signal-to-noise measurement. High-z quasars candidates are
faint and require much longer integration times to achieve adequate signal-to-noise.
Figure 5.5 (a) shows an image taken with a considerably longer integration time. The
wavelike features in the image are known as fringing, which is inherent in all the im-
ages and needs to be corrected for in the images of quasar candidates.

5.3.2 Fringing

Fringing is an idiosyncratic variation in the background that is not a feature of the sky,
but rather a thin-film interference pattern intrinsic to the CCD. The pixels in a CCD
lie beneath a layer of intrinsic (i.e. undoped) silicon, which photons interact with to
produce photo-electrons. The optical depth to the incident photons is a function of
wavelength, red wavelengths having a lower interaction cross-section than blue wave-
lengths. When the optical depth is greater than twice the depth of the silicon layer,
a fraction of photons are reflected from the pixel gates and interfere with oncoming
photons. This interference pattern is what is referred to as fringing.

The contribution to the signal from fringing is additive and the pattern is usually suf-
ficiently different from the stellar point source function (PSF) that it does not alter the
stellar photometry significantly. The effect is instead to increase the background mak-

107



CHAPTER 5: PHOTOMETRIC FOLLOWUP

ing detections of faint objects difficult. Thus for faint sources such as high-z quasars, it
is important to remove this artifact.

The night sky is dominated by telluric emission and this is reflected in the fringe pattern
which is dominated by many monochromatic emission lines from the night sky. The
chemical composition and temporal conditions of the atmosphere are, broadly speak-
ing, stable. Thus the fringing pattern will remain approximately constant from image
to image or indeed from night to night over a short observation run. This is also true
of the fringing amplitude but only when conditions are photometric.

The fringe pattern may be extracted from a superflat. A superflat is an additional flat
field image which is produced from a combination of the flat fielded science images.
The superflat should be free of any real sky structures and as such, component im-
ages should not contain any large bright stars, galaxies or nebulosity and should be
sufficiently dithered such that real sources are diminished via averaging during com-
bination. The procedure is to ensure a uniform sky brightness by first normalising
the science images about the mean, rejecting outliers. The normalised images are then
mean combined with outlier rejection. The resulting superflat thus contains the fring-
ing pattern. The superflat is then smoothed with a large Gaussian kernel (typically
200-300 pixels) giving the average sky background plus some inter pixel variation. The
smoothed fringe frame is then subtracted from the original to return the normalised
fringe pattern.

A fringe corrected science image may be obtained by subtracting the flat-fielded fringe
pattern, scaled to the median sky background in the science image σsky, from the fringe
affected science image,

Fringe corrected science frame =

fringe affected science frame −
fringe pattern × σsky

super flat
.

A fringe corrected science frame is shown in figure 5.5 (b).

5.4 Aperture photometry

With the images in science ready form, attention can now switch to photometric mea-
surements. The concept of aperture photometry is satisfyingly simple. A star is en-
closed within a digital aperture containing N pixels and pixel counts C are integrated
to give a total flux. The average count of the background sky Csky is also measured in
a region free from any star light and the difference between the two gives the flux from
the star. The asinh magnitude is then calculated via the following recipe,
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(a) (b)
Figure 5.5: iNTT-band long 600 sec exposure before (a) and after (b) fringe correction.

minst = −1.08574
{

asinh

[

(ΣNi=1 Ci)− NCsky
2 b f0

]

+ ln(b)

}

. (5.4.1)

In practice there are a number of more subtle steps that need to be taken before ac-
curate photometry can be generated. The first of these steps places photometry on a
meaningful relative scale.

5.4.1 Instrumental to standard magnitudes

In performing the fundamentals of aperture photometry described above on the NTT
quasar candidate images, one will arrive at the instrumental magnitudes minst. The
term reflects the fact that they are characteristic of the particular properties of the tele-
scope, optical system and detector and further that they are subject to the effects of the
atmosphere, which scatters and absorbs light on its way to the detector.

Instrumental magnitudes are therefore not directly comparable to measurements by
other instruments or even to measurements by the same instrument at different times
and are useful in only a few special cases. Thus the instrumental photometry must
be placed on a standard system. This concept was met briefly in chapter 3, where
synthetic photometry in the VISTA passbands was placed on the Vega system by defin-
ing the spectrophotometric standard star Vega as a zeroth magnitude star in all VISTA
passbands. Here the premise is the same, i.e. all NTT magnitudes remain on the NTT
system but are offset such that Vega is a zero magnitude star in all relevant NTT pass-
bands.

By anchoring the photometry in a given passband to a common zero-point, the impli-
cation is that all instrumental magnitudes in this passband are offset from the standard
by a constant magnitude. The task is then to find this magnitude.

If one were working at the top of the Earth’s atmosphere then the zero-point p, would
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be the difference between the magnitude of an object on the standard system and the
same object on the instrumental system i.e. p = m−minst. The situation ismade slightly
more complicated by the atmosphere which scatters and absorbs light on its way to the
detector; a phenomenon known as atmospheric extinction. The amount of extinction is
a function of wavelength and path length. The path length is parametrised as airmass
X, which is the ratio of column density along the line of sight to that at the zenith.
Airmass is approximated as X ≃ sec θZ , where θZ is the zenith distance or the angular
distance from the zenith to the line of sight. As the zenith angle of a particular star
increases so too does the extinction, with the effect of dimming minst. The notion of the
instrumental zero-point will therefore vary over the observation run.

The extinction coefficient κ gives the difference in magnitudes between a measurement
taken at the top of the Earth’s atmosphere towards the zenith and the same measure-
ment taken at sea level, where X = 1. Away from the zenith, minst is dimmed by an
amount κ (X − 1). In accounting for this dimming m and minst are related by,

m = minst + p+ κ (X − 1), (5.4.2)

where p is the difference in absolute magnitude and instrumental magnitude at unit
airmass. It is useful to define px to differentiate between p and the zero-point of an
observation taken at arbitrary airmass X = x, such that px = p+ κ(X − 1).
Given an minst measured at a known elevation, then X is a known quantity, and we are
left with the three unknowns m, p and κ.

Conceptually this is resolved by taking intermittent measurements of bright standard
stars for which the magnitude on the standard system is known. If an extensive set of
standard stars have been observed over each night then m is also known and p and κ

can be solved for via a least squares fitting, potentially resulting in photometry with
sub per cent accuracy.

With the follow-up of rare objects there is a trade-off, one of course wants to observe as
many candidates as possible and thus returning the telescope to a standard star field
after every few candidate observations quickly becomes a hindrance. The observation
strategy (section 5.2.1) was designed to some extent to make life simple, a candidate
becomes interesting when it is undetected in iNTT and this does not require extremely
accurate photometry. What’s more is that since quasar candidates are expected to be
faint in iNTT and zNTT (typically < 3 σ above the noise), the sky background dictates
that the uncertainty in the photometry will be & 30 per cent, so an extensive set of
standard star observations is really overkill for this particular application.

ESO provides a large data base of spectrophotometrically derived standard star spec-
tra [140]. The Vega magnitudes of these stars in the NTT passbands [138] can be de-
termined via synthetic photometry with equation 3.1.1 in a similar manner to that de-
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Star name iNTT zNTT Ra dec
LTT-1020 10.8010 10.7360 01h 54m 49.68s -27d 28’ 29.7”
LTT-4816 13.7584 13.8765 12h 38m 50.94s -49d 47’ 58.8”
LTT-6248 11.1270 11.0538 15h 39m 00.02s -28d 35’ 33.1”
LTT-9239 11.3062 11.2323 22h 52m 40.88s -20d 35’ 26.3”

Table 5.1: Synthetically derived standard star NTT magnitudes on the Vega system.

scribed in chapter 3. Four such standards were chosen to calibrate the magnitudes of
the quasar candidate observations. Each standard is given along with its synthetically
derived iNTT and zNTT magnitudes and equatorial coordinates in table 5.1.

Observations of the four standard stars were made at the beginning, end and through-
out each night. The resulting photometry was measured in large apertures containing
∼ 100percent of the source flux (see section 5.4.2 for discussion) and instrumental mag-
nitudes were determined in the IRAF package phot via equation 5.4.1.
Figure 5.6 plots the instrumental zero-point, px = m − minst, versus airmass for the
iNTT standard star observations on each night. Ideally equation 5.4.2 specifies, that
each plot should be a straight line through p and equation 5.4.2 can be fitted for p and
κ. However, for the small number of standard star observations made here, the results
would be error prone.

Instead, equation 5.4.2 is fit with κ fixed to typical values. Atmospheric extinction
can spike in volcanically active regions such as Chile where eruptions can increase
the atmospheric aerosol content over periods of months [141]. Thus, without a robust
measurement of κ during the observation run the best one can do is to look for long
term monitored values published in the literature.

ESO themselves advise a value of κ (iNTT) = 0.05, which was measured on photometric
nights during EFOSC2 recommissioning in April 2008 [142]. This value is broadly con-
sistent with those measured by Tüg [143] at La Silla and more recently by Patat et al.
[141] at ESO Paranal in both the iNTT and zNTT wavelength regimes. Thus equation 5.4.2
is fitted here with constant values of κ (iNTT) = 0.05 and κ (zNTT) = 0.05 leaving p as
the only free parameter.

The straight line fits to the iNTT zero-points are shown in figure 5.6 on consecutive
nights. The fit residuals are shown as grey error bars in each plot. The zero-point at
unit airmass, p1, can be read directly from these fits and substituted into equation 5.4.2
to obtain calibrated magnitudes from the instrumental measurements. The results are
summarised in table 5.2, which gives the value p1 and associated residuals derived on
each night in iNTT and zNTT.

The ∼ 10 per cent uncertainty introduced by the sky background in the photometry of
the quasar candidates would suggest that the estimated residuals in the zero-point fit-
ting are insignificant in the calculation of candidate magnitudes. The exception to this
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night 1 night 2 night 3 night 3 (revised†)
iNTT 25.08± 0.01 25.07± 0.02 25.02± 0.08 25.08± 0.00
zNTT 24.31± 0.00 24.27± 0.02 24.28± 0.01 -

Table 5.2: Zero-points required to place NTT instrumental magnitudes onto the Vega
system. Zero-points are derived via straight line fits to offsets between instrumen-
tal and absolute magnitudes of standard stars vs. airmass. Errors are fit residuals.
†Revision of the iNTT zero-point on night 3 was found to be necessary in section 5.4.4,
see text for details.

is the zero-point determination in the iNTT-band on night 3, where the residual trans-
lates into to a flux error of 7.5 per cent. Two outlying points would seem to be the cause
of the increase scatter here. These points are associated with successive measurements
of the same source within an interval of fewminutes. The brightening of the zero-point
translates an intermittent dimming of the source as measured on the instrumental sys-
tem, the most common cause of which is passing cirrus. It would not be unreasonable
to remove these outlying points in order to improve the fit. The possible systematics
incurred by this issue are further discussed in section 5.4.4 and a decision as to whether
a re-calculation of the affected zero-point is needed is deferred until then.

As directed by the observation strategy, objects that remained undetected in iNTT in
single imaging frames, were returned to on subsequent nights and further time was
spent integrating in both iNTT and zNTT to build up large effective exposure times. It
is desirable then to stack these images in order to produce a series of composites with
improved signal-to-noise, but since each composite will incorporate images taken at
differing air-masses on different nights, there is a need to account for these differences
by placing each component image at an equivalent zero point.

The procedure is to multiply all component images relevant to a particular stack by
a factor 10 0.4 (px−p1), in this case px is the zero-point of the relevant component image
at the airmass at which it was taken and p1 is the zero-point at X = 1 on the chosen
reference night.

5.4.2 Aperture radii

A second consideration is the size of the aperture. In space the image of a point source
is diffraction limited and is therefore described by an Airy profile. For ground based
observations the image is limited by the atmospheric seeing, which broadens the PSF.
The seeing limited PSF is often well approximated by either a Gaussian, a modified
Lorentzian or a Moffatt profile [144].

An aperture a factor 3 times the full width at half maximum (FWHM) of the PSF may
seem advisable since it will typically contain∼ 100percent of the light [145]. For all but
the brightest sources the wings of the stellar profile quickly become noise dominated
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Figure 5.6: The variation in the iNTT instrumental zero-point as a function of airmass
on consecutive nights during quasar candidate follow-up. Zero-points are measured
as the difference between absolute and instrumental magnitudes of bright NTT stan-
dard stars. The straight line fits assume an atmospheric extinction coefficient (slope)
κ = 0.05 leaving the zero-point at airmass zero as the single free parameter. The fitted
zero-point at airmass, X = 1 is substituted into equation 5.4.2 to place instrumental
magnitudes onto the NTT Vega system. Similar fits were made for zNTT standards.

and thus the optimum signal-to-noise is achieved by enclosing less than 100 per cent of
the flux. An aperture that contains less than 100 per cent of the source flux will not give
an accurate measurement of the source brightness and thus a correction term is added
to account for the ‘lost’ flux (section 5.4.3).

As well as being related to the seeing the optimum aperture size is also a weak func-
tion of the source brightness becoming smaller for fainter objects [146, and references
therein]. Prior to photometric measurement the brightness of a source is of course
unknown, but for most well behaved PSFs the optimum is close the FWHM and is rel-
atively stable in photometric conditions [146]. During the NTT observations the seeing
conditions are written to the header units of the image files. The optimum aperture
size can be related to the seeing assuming a Gaussian PSF with a standard deviation in
pixels via,

σPSF =
seeing (arcsec)

pixel scale (arcsec/pixel) × 2.355 . (5.4.3)

Patel [125] finds the optimum radius to lie at 1.7 σPSF. During the NTT run the median
seeing was ∼ 0.9 arcsec, substituting this in to equation 5.4.3 with the NTT pixel scale
of 0.157 arcsec/pixel gives an optimum aperture size of 1.7 σPSF ≃ 5.0 pixels, which is
the aperture size used for the following photometric measurements.

The average sky count per pixel Csky is calculated within a halo surrounding the object
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Figure 5.7: Growth curves: The magnitude differences within successively inclusive
apertures for three stars on a single NTT imaging frame. The two bright stars fol-
low the same canonical curve. The faint star follows the same curve until the sky-
background dominates in the wings of the PSF. A correction factor can be calculated
from the curves of the bright stars and applied to obtain the true magnitude of a star
measured within a small aperture.

aperture. In this case the entroid algorithm supplied by phot is used to compute
the average sky background as recommended by the package user guide [147], other
authors have noted equivalent algorithms to give robust results [146]. One must ensure
that the inner radius of the sky aperture is sufficiently distant from the object so as not
to contain a “significant” fraction of the object count.

To determine exactly what is meant by a significant fraction of the object count, fig-
ure 5.7 plots the magnitude difference between successively inclusive apertures for
three different stars from the same NTT imaging frame, otherwise known as the curves
of growth. The two brightest stars, whose curves follow the filled squares and trian-
gles, are the important ones here (the significance of the fainter star’s curve will become
clearer in section 5.4.3). If one approximates the PSF with a Gaussian function, then
99.7 per cent of flux lies within 3σPSF of the flux peak. As the apertures approach the
tails, the PSF is approximately constant over small distances and the rate of change in
magnitude between successive apertures tends to zero, at which point the contribution
of light from the star in remaining apertures is negligible. This occurs at a radius of
∼ 15pixels in the figure, which corresponds∼ 3× FWHM of the PSF.
The PSF will vary with seeing so to err on the side of caution quasar candidate pho-
tometry is conducted with a sky-background level calculated in a halo of inner radius
20.0 pixels and width 10.0 pixels.
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Aperture photometry was carried out on candidate followup images in the IRAF pack-
age phot via equation 5.4.1. The final step towards calibrated photometry is the aper-
ture correction.

5.4.3 The aperture correction

Discussion in the previous section explained that star light falling a distance greater
than ∼ 3× FWHM from the peak of the stellar PSF makes a negligible contribution
to the total flux from the source. This was illustrated in figure 5.7 where the curves of
growth of two bright stars originating from the same NTT imaging frame, were shown
to follow the same canonical form tending to zero growth at ∼ 15pixels.
For fainter sources curves of growth deviate significantly from those of bright stars
because the sky-background begins to dominate over the source flux in increasingly
larger apertures. This is seen in figure 5.7 by comparing the growth curve of the fainter
star to those of the bright stars.

To avoid such a state of affairs in measuring quasar candidates, photometry was per-
formed in apertures of radius 5pixels, where the growth curves of faint stars follow the
expected curve. The obvious problem with such an approach is that there is significant
flux at radii beyond 5pixels from the PSF peak. It is therefore necessary to correct for
the loss in flux inherent in using the 5pixel aperture.

The underlying assumption of the aperture correction is that the PSFs of faint stars are
exact replicas of those of bright stars. It follows that, in the absence of sky-background,
their growth curves should possess equivalent functional forms. For a bright star, the
ratio of flux in a large aperture containing ∼ 100percent of the bright star flux, to the
flux for the same star in a small aperture gives the aperture correction factor in flux
units, which is equivalently the magnitude difference between the two apertures.

Aperture corrections to the quasar candidates were calculated from bright stars in the
corresponding frames by measuring magnitude differences between apertures of 3×
FWHM and 5pixels. Several frames lacked bright stars and in these cases aperture
corrections were computed from the standard stars on corresponding nights.

The aperture corrections represent the final step in the computation of quasar candidate
magnitudes. The results will be discussed with reference to the quasar search shortly.
First it is interesting to see how the calibration of these magnitudes compare with other
methods.

5.4.4 Differential photometry

As the name suggests, differential photometry provides a differential measurement.
That is to say that unlike the absolute photometricmethods described above, the results
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of differential photometry are relative to other reference sources in the same imaging
frames. If the photometry of the reference objects is known in the absolute sense then
differential photometry gives the photometry of the relevant object on the correspond-
ing standard system as,

m = mref − 2.5 log10 Cobj+ 2.5 log10 Cref, (5.4.4)

where the subscript ‘ref’ differentiates the reference object from the target.

In this case absolute photometry was chosen over differential photometry, since there
is no large optical catalogue of potential reference objects covering the entire VIKING
field. TheDeepNear Infrared Survey of the southern sky [DENIS; 148], provides a cata-
logue of bright I-band stars covering most of VIKING’s southern field, but the majority
of bright DENIS stars are saturated in the NTT images. The SDSS provides optical i-
and z-band data overmost of VIKINGnorth, but lack of a similar data in VIKING south
prevents the consistent use of differential photometry for every candidate. It does how-
ever provide a means to ‘sanity check’ results via an independent methodology.

The use of SDSS reference stars in the differential photometry results in target pho-
tometry on the SDSS AB system. To place the results on the NTT Vega system two
corrections must be made to the reference stars prior to employing equation 5.4.4. The
first is to apply the offset from the AB to the Vega system (Appendix C). The second is
the conversion of SDSS to NTT magnitudes via a colour transformation equation. Fig-
ure 5.8 plots synthetic photometry of stars of spectral type O to M from the BPGS atlas
[2] in the iNTT− i versus i− z plane (where i and z are the SDSS passbands). The straight
line fit to the data relates NTT to SDSS stellar magnitudes as iNTT = i− 0.4 (i− z).
Figure 5.9 plots the absolute photometry versus differential photometry for candidates
in the VIKINGngc field forwhich bight SDSS stars exist in the same images. The results
are in good agreement, with residuals about the diagonal (solid line) of ∆rms = 0.15 in
either direction, which is comparable to the sky-background level as measured in the
NTT imaging frames and depicted by the error bars. There is perhaps a slight system-
atic trend towards fainter magnitudes in the absolute photometry, which is probably
partly related to the intermittent brightening of the iNTT zero-point associated with
two successive measurements of the same standard on night 3 of follow-up imaging
(section 5.4.1). To test this theory the seven objects observed on night 3 are plotted as
filled squares and the dashed line shows the best straight line fit assuming a slope of 1.
The absolute photometry of these objects is indeed shifted towards fainter magnitudes,
bringing the fit away from the diagonal, as would be expected for an overly bright esti-
mate of the zero-point. The correction required to place night 3 magnitudes back onto
the diagonal is ∆ p ≃ 0.1. A revised zero-point is re-calculated by omitting the offend-
ing standard star observations from the zero-point calculation and the result is shown
in table 5.2, a correction ∆ p ≃ 0.05 is implied, less than the correction required.
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Figure 5.8: Straight line fit to stars in the BPGS spectroscopic atlas in the iNTT iz plane.
The equation of the straight line is used to place bright SDSS stars of known absolute
magnitude onto the NTT system in order to facilitate differential photometry. The
fitting was performed by the IDL routine LINFIT.

The source of the remaining discrepancy is unknown but like the zero-point determi-
nation the aperture correction does not enter into the derivation of differential magni-
tudes and is thus a likely culprit. One could perhaps correct for this offset as implied
by the fit, but since the overall agreement was found from the residuals about the di-
agonal, to be comparable to the uncertainties introduced by the sky background, this
would seem unnecessary.

A similar analysis of the zNTT-band observations is not possible since only 2 of the zNTT
imaged candidates lie in regions of SDSS coverage. The magnitude offsets between the
absolute and differential methods for these two sources are ∆ zNTT = 0.34 and ∆ zNTT =

0.05, the former being undetected above the background. The aim of zNTT imaging
is to acquire an independent verification of the VISTA photometry. Uncertainties in
the aperture corrections amounting to a few tenths of a magnitude will not alter the
confirmation of a significant drop in flux blueward of the VISTA Y-band given two
independent measurements.

5.5 Results from imaging follow-up

A table of results is presented in the appendix B. This section concentrates on a subset
of just six candidates which were undetected in iNTT observations reaching 3σ depths
of> 24mag. A subset of table B.1 is re-produced for these candidates below (table 5.3).
The remaining 38 candidates are visible in iNTT and were consequently dropped from
the candidate list. Here, iNTT and zNTT magnitudes are given in the asinh form, with
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Figure 5.9: Comparison between the absolute and differential photometry of quasar
candidates in regions of SDSS coverage. Bright SDSS stars in NTT imaging frames
have been used to calibrate differential photometry. The results are in good agreement,
with a residual about the diagonal (solid line) of 0.15. The best fit to the data (dashed
line) reveals a slight offset towards brighter differential photometry. The offset is small
∆iNTT = 0.08 and likely results from uncertainty in the aperture correction. Error
bars show 1σ sky-noise about the measured magnitudes. A description of the fitting
procedure is given by Williams et al. [3].
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the softening parameters b equivalent to 25.1 in 24.1 in logarithmic magnitudes respec-
tively.
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Name Z δZ Y δY J δJ iNTT δiNTT zNTT δzNTT MCS pStar pGalaxy pNoise Pq
#31 22.80 3.26 21.02 8.33 20.48 7.02 24.20 2.18 22.42 3.68 -0.924 1.000 0.000 0.000 1.47e-02
#32 23.38 1.70 20.85 10.43 20.18 9.41 24.89 0.64 24.70 -1.48 0.833 0.486 0.486 0.027 9.96e-01

sgp0109-3047 24.00 0.13 20.64 8.36 20.33 5.28 24.82 1.43 22.77 6.98 - - - - 9.99e-01
sgp0305-3150 23.59 0.62 20.23 10.47 19.68 9.64 24.87 0.85 21.73 15.24 - - - - 1.00e+00
sgp2218-3154 22.39 4.85 21.33 5.39 20.35 8.66 24.94 0.44 - - 0.587 0.500 0.500 0.002 3.60e-05
sgp2348-3054 24.32 -0.37 20.44 11.55 20.30 8.54 25.61 -2.23 22.31 11.35 1.012 0.500 0.500 0.002 1.00e+00

Table 5.3: Photometric imaging results from the NTT for a subset of six objects which were undetected in deep iNTT-band imaging. For reference
VISTA ZYJ magnitudes are also included. Photometric errors for each passband are given in columns headed with a leading ‘δ’ and are quoted
as signal-to-noise, where the noise is the sky-background level. Detections with δY or δJ & 7.0 were selected for photometric follow-up by
the techniques described in this thesis provided they also comply with the morphological constraints described in section 4.0.3. For reference
the morphological attributes MCS, pStar, pGalaxy and pNoise and the probabilistic rank Pq of each source is also supplied. Hyphens indicate
values that are unavailable for reasons discussed in the text. A full table of photometric imaging results in available in appendix B.
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Although all candidates underwent probabilistic ranking prior to follow-up, the full list
of targets is a result of work done by various members of the VIKING working group
employing a number of independent approaches, so it is beneficial to look briefly at
each source with reference to the selection strategy applied in this thesis. Each of the
remaining candidates is afforded some brief discussion below. Inmost cases candidates
are referred to via their equatorial coordinates (J 2000) prefixed by the relevant field e.g.
ngc or sgp. In a two cases, follow-up work is on-going and the candidates concerned
are referred to via the relevant row number table B.1.

sgp0109-3047 received a probabilistic rank Pq = 1.0. During the period of selection and
up to the time of writing the relevant photometry and observation records are absent
from the VSA. sgp0109-3047 was selected from the CASU catalogues via a pipeline
developed independently to the work presented here. As such this candidate was not
selected via the approach taken in this thesis. However based on Pq it is clearly a strong
candidate and it is interesting to determinewhether it would have been selected via the
approach taken here.

Since sgp0109-3047 does not as yet appear in the VSA, band-merged morphological
statistics such as MCS and pclass are not available. Independent passband level clas-
sifiers are given by CASU, which suggest a ‘point-like’ morphology in all passbands.
Upon band merging, the confidence in these classifications will increase and it is safe
to assume that the candidate with retain its point-like properties when it is finally in-
gested by the VSA.

As well morphological filtering, candidates were dropped if detected with a signal-to-
noise below the 7σ level in either Y or J. With reference to table 5.3, sgp0109-3047 was
detected with (S/N)Y = 8.4 and (S/N)J = 5.3 and thus, had it been present in the
VSA, it would have been discarded prior to probabilistic ranking.

Perhaps these constraints are a little too conservative. With reference to figure 4.10,
most of what is achieved in asking for a S/N ≥ 7σ detection in both Y and J is also
achieved by asking for a ≥ 7σ detection in Y alone. In applying this more inclusive
constraint, sgp0109-3047 would be put forward to the ranking stage. This is a valuable
lesson learnt but the fact sgp0109-3047 did in reality make it to the follow-up stage,
demonstrates the benefit of converging towards a common candidate list via a number
of independent methods, as was the approach of the VIKINGworking group.

sgp0305-3150 presents a similar story to that of sgp0109-3047. Ranked with Pq = 1.0 it
is another high priority candidate, which was absent from the VSA at the time of writ-
ing. It is designated as point-like in the CASU passband level catalogues and would
therefore have passed the morphological constraints imposed in section 4.10. This
source would also have passed the signal-to-noise constraints having been detected
with (S/N)Y = 10.5 and (S/N)J = 9.6.

sgp2348-3054 was ranked with Pq = 1.0. The morphological characteristics of this
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object are as follows; MCS = 1.0, pgalaxy = 0.5, pstar = 0.5 and pnoise = 0.0. It
was detected with (S/N)Y = 11.5 and (S/N)J = 8.5 and it safely meets the selection
constraints employed in this thesis.

sgp2218-3154 is a low priority candidate of Pq = 3.6× 10−5. It has VIKING ZYJ pho-
tometry only marginally consistent with z ≥ 6.5 quasars and would not normally have
been observed but for a nightly period over which most higher priority candidates
were not visible. Nevertheless it was undetected in iNTT observations down to a 3σ
depth of 24.3 mag and in light of these results it qualifies as a high priority candidate.
The morphological properties of the source are point-like, MCS = 0.6, pgalaxy = 0.5,
pstar = 0.5, pnoise = 0.0, and it was detected with (S/N)Y = 5.4 and (S/N)J = 8.7.

#32 is another highly ranked candidate with Pq = 1.0. Morphological attributes are
consistent with a point source; MCS = 0.8, pgalaxy = 0.5, pstar = 0.5, pnoise = 0.0
and the detection significance is high; (S/N)Y = 10.4 and (S/N)J = 9.4. As such, the
candidate safely meets the selection requirements laid down in this thesis.

#31 also meets the selection requirements having been ranked with Pq = 1.5× 10−2
making it amodestly significant candidate. Morphological attributes are;MCS = −0.9,
pgalaxy = 0.0, pstar = 1.0, pnoise = 0.0 and signal-to-noise ratios are (S/N)Y = 8.3
and (S/N)J = 7.0.

With the exception of sgp2218-3154, each of the above mentioned objects was further
observed in zNTT. The aim of these observations was to obtain independent confirma-
tion of the VIKING Z-band photometry. As such these observations were made to a
similar but in most cases a fainter limit than the VIKING observations.

It is difficult to compare zNTT- with Z-band photometry directly, since the zNTT filter
possesses a red tail which bridges the Lyα transition until z ≃ 7.2. Conversely the
VISTA Z-band possesses a step-like drop in sensitivity at its red extent, becoming in-
sensitive to Lyα photons at z ≃ 6.9. Therefore the most straight forward approach is
to consider the zNTT YJ colour plane as shown in figure 5.10, where the colour scale
gives Pq as derived from VIKING photometry. Error bars are computed from the sky-
background level about the measured photometry and up-arrows give lower limits on
the colours. The quasar and stellar loci are also plotted and by comparison the candi-
date colours are consistent with those of high-z quasars in the interval 6.6 . z . 7.0.

This interval is perhaps better illustrated in the iNTTY zNTT J colour plane in figure 5.11
panel (b), where the quasar tracks become redder in Y − J. If candidates are signif-
icantly fainter than the detection limit in iNTT then they would fall along the quasar
tracks between z ≃ 6.6 and z ≃ 7.0. Figure 5.11 panel (a) is further suggestive of
the high-z nature of these candidates. Each of these candidates was put forward for
spectroscopic observation.
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Figure 5.10: Five of the six candidates remaining after NTT imaging, (one candidate
was not observed in zNTT and is therefore omitted). Quasar candidates are plotted in
the iNTT zNTT YJ plane with error-bars showing 1σ sky noise about the measured mag-
nitudes, arrows represent lower limits. Each point is colour coded according to the
probabilistic rank, Pq of the relevant candidate as derived from VIKING photometry.
For comparison quasar redshift evolution tracks and cool-star synthetic photometry is
also shown. All candidates are consistent with being z ≥ 6.5 quasars.

123



CHAPTER 5: PHOTOMETRIC FOLLOWUP

(a) (b)

Figure 5.11: Panel (a): Remaining candidates after NTT imaging in the iNTT YJ plane.
Error bars show 1σ sky-noise about the measured magnitudes with arrows represent-
ing lower limits. For comparison quasar redshift evolution tracks and cool-star syn-
thetic photometry is also shown. All remaining candidates are consistent with being
high-z quasars. Panel (b): Candidates measured in both iNTT and zNTT are plotted in
the iNTTY versus zNTTJ plane. The distribution of possible redshifts becomes clearer in
this colour plane as the quasar locus begins to turn over in zNTT − J.
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Figure 5.12: From top to bottom, 2-dimensional spectra of high-z quasar candidates
sgp2218-3154, sgp0305-3150, sgp0109-3047 and sgp2348-3054. Approximate wave-
lengths at the extrema are given by the labels increasing left to right. In the lower
three spectra a break in continuum flux is evident at wavelengths in excess of 9120Å
indicating three high-z objects. In the upper most spectrum close inspection shows a
continuum a few pixels above the obvious bright source, that runs the length of the
image, indicating a low-z origin. (credit: Dr. B. P. Venemans)

5.6 First spectra

Spectroscopic follow-up is currently on going and at the time of writing sgp0109-3047,
sgp0305-3150, sgp2348-3054 and sgp2218-3154 have been observed on ESO’s Focal re-
ducer and low dispersion spectrograph II [FORS2; 149]. With the initial aim being
the confirmation of these objects as quasars or otherwise, low signal-to-noise spectra
were obtained in relatively bad weather conditions. On target integration time was
∼ 40minutes in ∼ 1.5 arcsec seeing. The reduction and calibration of these spectra
is work completed independently of this thesis, but for completeness the spectra are
shown in 2- and 1-dimensional format in figure 5.12 and 5.13 respectively. Detailed
discussion and analysis of these results will be given by Venemans et al. [150] in a
forthcoming paper.

In figure 5.12, 2-dimensional spectra are shown from top to bottom for sgp2218-3154,
sgp0305-3150, sgp0109-3047 and sgp2348-3054 respectively. Wavelength increases from
left to right with the approximate wavelengths at the extrema being 8000Å- 10000 Åas
labelled in the figure. Spectra of light collected from various objects in the field of
view of these observations (i.e. centered on the slit) are visible running left to right on
each image with residuals from subtracted monochromatic sky lines running in the
perpendicular direction.

The upper most spectrum is that of sgp2218-3154, the bright source in the image is
a star ∼ 5 arcsec from the candidate. The continuum of sgp2218-3154 is visible just
above background running along the centre of the image a few pixels above the bright
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Figure 5.13: Extracted 1-dimensional spectra of sgp0305-3150, sgp0109-3047 and
sgp2348-3054 confirming them unequivocally as quasars. (credit Dr. B. P. Venemans)

source. On close inspection the continuum extends over short to long wavelengths.
If this were a z ≥ 6.5 source one would expect to see a sharp drop in flux at the Lyα

frequency, which would occur longward of λ = 9120Å. This source can therefore be
ruled out as a z ≥ 6.5 quasar with high confidence.
For all other spectra a drop in continuum flux is apparent above λ = 9120Å, indicating
the presence of a high-z object. Figure 5.13 presents 1-dimensional spectra of these
objects confirming that they are indeed z ≥ 6.5 quasars. Preliminary analysis places
them at z = 6.5, z = 6.7 and z = 6.9 [150], giving them the second, third and fourth
highest redshifts of quasars discovered to date.

5.7 Quasar space density

The discovery of three of the four most distant quasars known represents a significant
science highlight in the first year of VISTA science operations. Each of these three
quasars will contribute widely to our understanding of the high-z Universe, serving a
invaluable cosmological probes. This juncture would therefore seem like a fitting place
to conclude, leaving detailed science on e.g. cosmic reionization and black hole growth
to a time when high-resolution, high signal-to-noise spectra are available.
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There are however some straight forward, if highly tentative, inferences that can be
made with the new information supplied by these discoveries. In section 3.2.1 the
space density of 6.5 ≤ z ≤ 7.5 quasars was calculated via integration of the QLF for
three different rates of evolution. Given that the search in the sgp is now complete,
encompassing a total area of 180deg2, what can one infer about the evolution of quasar
space density.

Section 3.2.1 considered a single evolutionary behaviour in which the QLF was sub-
ject to pure density evolution. Three rates of evolution were discussed; non-evolving,
whereby the rate of evolution remains constant between 6.0 ≤ z ≤ 7.5, a ‘baseline’
evolution corresponding to a factor 2 decline in density over each ∆z = 0.5 interval
in redshift and a more extreme evolution corresponding to a factor 3 decline over the
same range.

Figure 5.15 plots the number of quasars brighter than a given J-band magnitude as pre-
dicted by each of the three models. The filled square represents the state of knowledge
offered by the discovery of an extremely luminous J = 19.3 quasar at z = 7.085 [37] in
the UKIDSS-LAS. The filled triangle shows the space density inferred from the three
J ≤ 20.3 VIKING quasars. The level of uncertainty on each data point is calculated as-
suming that quasars follow a Poissonian random distribution over the sky. The correct
error calculation was the subject of some interesting discussion during the examination
of this thesis. For the benefit of both the reader and the author the next few pages are
updated to summarise the key points.

The Poisson distribution materialises from the binomial distribution in the limiting
case where the probability of a single event is small but the number of trials is large
providing opportunity to observe a number of successes. The probability of observing
N successes over a given interval (time, frequency, length, area etc. ) in this limit is

P(N) =
e−χ χN

N!
, (5.7.1)

where χ is the expectation value. If χ is large P(N) becomes more symmetric and ap-
proaches a Gaussian distribution. This is the reason for the common use of the standard
deviation of the Poisson distribution, σPoiss =

√
N, to approximate our level of uncer-

tainty in a Poisson process as the width or the spread of a Gaussian distribution. When
the number of successes over the interval of interest is small the Poisson distribution is
asymmetric and this approach becomes inaccurate.

The problem with the
√
N approximation becomes obvious when we consider apply-

ing it incorrectly as a means to quantify the spread in the sampling distribution relevant
to the UKIDSS quasar search, which as mentioned has found one z ≥ 6.5 quasar in
∼ 2600deg2. In this case one would quote the best estimate χ̂ along with the 1σ Gaus-
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sian error bar as 1±12600 deg
−2. Taking this argument to the 3σ limit we have 1±32600 deg

−2.
So here, the incorrect use of Gaussian statistics manifests itself by allowing for the pos-
sibility of a negative count rate; a wholely unphysical prediction.

It is more relevant in this case to consider an asymmetric Poissonian sampling distri-
bution. Such a distribution would peak at χ̂, but χ would be more likely found on
one side of the peak than the other (see Figure 5.14). The use of error bars would be
inappropriate here, since they are implicitly derived from symmetrical distributions.

In general there are two approaches better suited to this problem; that taken by the
frequentist is founded in sampling theory and constructs an interval which includes
the true value of the parameter of interest with a probability greater than or equal to a
specified level, this is known as a confidence interval.

For example a frequentist might construct a 68% confidence interval for χ, such that
with an infinite number of repeated samples, the true value would lie within this inter-
val at least 68% of the time. The probability that χ lies within the confidence interval
defined by any one of these samples is either 0 or 1 and thus the value of χ is fixed
while the confidence interval, which depends on the random sample, is random.

For a sample s = {si} of N independent and identically distributed observations from
a Poisson distribution with unknown expectation value χ, a confidence interval with
endpoints A(s) and B(s) has the property that

P [A(s) < χ ≤ B(s)] ≥ γ (5.7.2)

where 0 ≤ γ ≤ 1 and A(s) and B(s) are commonly defined such that the probability
masses in either tail of the distribution are equal.

The second approach to the problem, taken by Bayesians, is to consider the posterior
probability distribution P (χ | s). Given any sample one can construct an interval that
will have a specified probability of containing χ. This is known as a credible interval
and is constructed such that

P [ a(s) < χ ≤ b(s) | s ] = γ. (5.7.3)

In contrast to equation 5.7.2, it is now s that is fixed while χ is distributed as P (χ | s).
Confidence intervals are described by [151]. The tools required to construct a credible
interval were introduced to in Chapter 4 so it seems fitting to pursue this approach
here.

The posterior probability distribution P (χ | s) is related to the prior probability distri-
bution P (χ) and the likelihood function P(s | χ) by
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Figure 5.14: The probability of the expectation value χ, given one Poissonian dis-
tributed success in the context of the UKIDSS quasar search. The shaded region shows
the 68% credible interval for the value of χ.

P (χ | s) ∝ P (χ) P(s | χ). (5.7.4)

In the simplest case the prior is uniform and non-informative, P (χ) = 1, and the pos-
terior probability is completely defined by the Poisson likelihood function,

P(s|χ) =
N

∏
i=1

χsi

si!
e−χ, (5.7.5)

which for the UKIDSS result is given by P(s1 = 1 | χ) = χ e−χ and is shown in fig-
ure 5.14. In general to find a 68% credible interval the task is to find a and b such that

P (a < χ ≤ b | s) =

∫ b
a P (s | χ) dχ

∫ +∞

−∞
P (s | χ) dχ

= 0.68. (5.7.6)

In this case, the posterior probability is a Poisson distribution so it is straight forward
to find the interval ( a, b ] via numerical integration. In the case of the UKIDSS quasar
search this gives the credible interval shown by the shaded region in Figure 5.14 and
the credible intervals relevant for both the VIKING and UKIDSS searches are shown
over-plotted on surface density points in Figure 5.15.

The total area searched in the sgp is 180deg2 yielding 3, z ≥ 6.5 quasars down to a
limiting magnitude of J = 20.4. The baseline number count model predicts 1.5 quasars
at this limit. Taking this as the expectation value, one can use equation 5.7 to estimate
the probability of three successes as 12.6 per cent. The non-evolving and the rapidly
evolving scenarios predict 4.0 and 0.6 quasars respectively, returning likelihoods of 19.5
and 2.0 per cent.
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Figure 5.15: Predicted number density of 6.5 ≤ z ≤ 7.5 quasars based on the QLF
of [4, see section 3.2.1 for details]. Curves show a non-evolving, baseline and highly
evolving decline in space density beyond z = 6. Space densities as indicated by results
from the UKIDSS-LAS, VIKING andVIKING assuming a 67 per cent completeness are
shown with Poissonian error bars.

At this stage however the completeness function of the quasar search is unclear, since
it combines a number of different selection methods. At some stage this will need to be
dealt with in detail by attempting to recover simulated objects planted in the VIKING
imaging frames with use of the CASU source extractor [similar work has been under-
taken by e.g. 4]. This is a non-trivial exercise and one which will warrant consideration
when VIKINGhas covered substantially more area allowing for robust attempts to con-
strain quasar space density and ultimately the z ≥ 6.5 QLF.
In section 4.4 an attempt to approximate the completeness function by modelling the
signal-to-noise distribution of catalogued sources in the VIDEOxmm-3 field wasmade.
The calculation combined the completeness implied by the morphological, signal-to-
noise and probabilistic ranking constraints used to select quasars in this thesis. Two
of the three quasars discovered in the sgp meet these selection requirements and the
mean completeness over the redshift range 6.5 ≤ z ≤ 7.5 and the magnitude interval
18.0 ≤ J ≤ 20.8 is 67.0 per cent.
Given this selection function the non-evolving, baseline and rapidly-evolving scenarios
predict 2.7, 1.01 and 0.41 quasars respectively. The likelihoods of finding 2 quasars
given these predictions are 24.5, 18.6 and 5.6 per cent, marginally favouring the non-
evolvingmodel. From inspection of figure 5.15 however, both the VIKINGandUKIDSS
results are also consistent with the baseline model, i.e. no change in the rate of space
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density evolution from z = 6.

With the small number statistics uncertainties in the QLF dominate over the number
count predictions. At z ∼ 6 the QLF is well constrained at bright magnitudes (M∗

1450 <

−25) [4], but the QLF beyond z ≃ 6.4 is completely unknown and it is difficult to place
a limit in the level of confidence on the rate or behaviour of the evolution in quasar
space density at these redshifts. Clearly this calculation will benefit greatly from better
statistics. As expected VIKING is showing clear signs that these statistics will become
available within the next 5 years of observations.

VISTA and VHS will confirm whether UKIDSS results, which favour a rapid rate of
density evolution beyond z = 6, are real. If VHS results are consistent with UKIDSS
but VIKING is finding a higher number of fainter quasars then this would suggest an
interesting evolution in M∗

1450.

5.8 Summary

NTT optical imaging follow-up of 44 quasar candidates put forward by various mem-
bers of the VIKING group have been reduced and corresponding photometry mea-
sured. This process is discussed in detail. Since z & 6.5 quasars are expected to be
dark shortward of the zNTT band, objects with clear detections in the iNTT band are dis-
carded, six objects remain and are shown to have iNTT, zNTT, Z, Y and J band photome-
try consistent with z ≥ 6.5 quasars. Spectroscopic identification of these candidates is
ongoing. At the time of writing all four objects identified in the sgp region have been
observed. Three of these four objects are high-z quasars with preliminary redshifts of
z = 6.5, 6.7, 6.9 respectively.

A Poisson likelihood test shows that after taking the completeness function into ac-
count and considering only those quasars with properties consistent with the selection
strategy employed in this thesis, that the rate of space density evolution in z ≥ 6.5
quasarsmarginally favoursmodels which do not evolve significantly from z = 6. How-
ever, discovery rates from both VIKING and UKIDSS are also consistent with the rate
of space density evolution seen a z = 6. This will need to be clarified with better
completeness function estimates and further statistics.

The three quasars co-discovered here, represent a significant science highlight in the
first year of the VISTA public surveys and will remain crucial probes of the high-z
universe in the next decade.
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The importance of high-z quasars as cosmological probes drives the effort to discover
them at ever higher redshifts and hence ever earlier times. The VISTA Kilo-degree
Infrared Galaxy Survey (VIKING) is expected to contain a significant sample of z & 6.5
quasars. Such objects are observed less than 0.85Gyr after the Big Bang, a period in
which the Universe was undergoing or coming to the end of a series of great changes.

In particular it was a time that marked the luminous stage in the rise of the first popula-
tion of massive black holes. These objects are the engines of quasars, consuming mass
rapidly and radiating rest-mass energy. Explaining the existence and rapid growth
indicated by masses of order a billion times solar at such an early stage, poses a signif-
icant theoretical challenge. The discovery of quasars at ever higher redshifts continues
to place tight constraints on models of massive black hole formation and growth.

The growth of super-massive black holes and their massive galaxy hosts probably oc-
curred synchronously in the early Universe. The most massive galaxies at high-z are
extremely rare and are most likely to be found by the fact that they harbour super-
massive black holes, which power luminous quasars. Quasar hosts offer excellent
follow-up targets at radio and sub-mm wavelengths to probe star formation history
in the earliest galaxies as well as co-eval black hole growth.

The build up of stellar material in the first galaxies led to the reionisation of cosmic
hydrogen (and eventually helium). Absorption properties of the spectra of the highest
redshift quasars indicate that the Universe or at least localised regions of it were less
ionised in the past. The study of cosmic reionisation sets a benchmark for the formation
of the first non-linear cosmic structures. Quasars provide the most straight forward
means to obtain high signal-to-noise evidence of this epoch in cosmic history.

This thesis describes the isolation, follow-up and confirmation of the first z & 6.5
quasars fromVIKING. The remainder of this chapter summarises the work undertaken
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and some routes for useful research to be carried out in the near future.

Chapter 2

The first full depth VIKING catalogue was made available to the VIKING working
group in April 2011. Before commencing the quasar search it was felt necessary to
implement some basic quality control; four distinct checks were considered.

First, as a broad indication of the quality and accuracy of the photometric measure-
ments within the catalogue, re-measurements of point sources within overlapping re-
gions between imaging frames and tiles were compared. The residuals in these mea-
surements were found to be broadly conformative with the survey requirements, an
indication of the high quality of the archived photometry.

Second, the lack of a large sample of z & 6.5 quasar spectra necessitates the need to
model the photometric properties of high-z quasars in the VISTA passbands. The mod-
ellingmust be carried out relative to a standard photometric systemand since all VISTA
data is definedwith reference to the standard star Vega it would seem natural to anchor
any modelled photometry to this system too.

However, VISTA data is zero-pointed via a set of colour equations with reference to a
set of 2MASS standard stars. The basic assumption being that the colour equations over
the JHKs wavelengths, can be linearly extrapolated to cover the Z and Y passbands.
This was never expected to be a robust means to place VISTA Z and Y photometry onto
the Vega systembut rather it was intended to provide a good first order approximation.

Offsets from the Vega system in the VIKING photometry were investigated via the
relative distribution of red and blue stars in the various SDSS and VIKING colour
spaces. Significant offsets from the Vega system were found in the Z and Y bands
(∆Z = −0.116± 0.008, ∆Y = −0.094± 0.007), and these were applied to all subsequent
Vega zeroed synthetic photometry in order to place it in line with VISTA .

Third, VIKING shares a region of overlap with the VIDEO survey in the near-infrared
as well as the CFHTLS Deep 1 field in the optical. Both surveys provide deep obser-
vations of ∼ 1deg2 patch of the VIKING field and offer the chance to study VIKING
sources with precision nine-band photometry. The big advantage of this data set is that
it allows accurate star galaxy separation in optical-near-infrared colour spaces. The
VIKING catalogue was matched to each of the VIDEO and CFHTLS surveys ready to
be called into use in subsequent chapters.

In doing this, significant offsets from the VIKINGphotometrywere noted in the VIDEO
photometry. In plotting the offset as a function of VIKING photometry it was further
noted that offsets appeared to be constant as a function of brightness. Straight lines
were fit to these distributions and offsets were applied to bring the VIDEO photometry
in line with the VIKING photometry.
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Fourth, two classes of artifact, which cause contamination of the VIKING catalogue
and in particular quasar candidate lists, exist in the VISTA images. Both are found
in and around the vicinity of bright (and in many cases saturated) stars. The first of
these appendages is the result of microscopic imperfections in VISTA’s primary and
secondary mirrors, causing diffraction spikes that can either produce false detections
or compromise the photometry of real sources. The second class of artifacts arise from
reflections within the filter and/or detector interfaces, causing roughly circular ghost
images. Like the diffraction spikes, these ghosts can produce either false sources or
compromise the photometry of real sources.

The provision of a recipe to remove objects influenced by the presence of diffraction
spikes is provided via an empirical fit to the distribution of radial distances from bright
star intensity peaks as a function of stellar brightness. A similar recipe is provided to
remove objects lying in bright star ghosts by considering the optical properties of the
VISTA telescope and camera.

As discussed in chapter 2, these quality control checks and quality insurance proce-
dures are beneficial to the quasar search. However they are also beneficial in range sci-
ence applications. The importance of the broad overview of the quality of the VIKING
photometry given here is clear for any science application. There are also a number of
reasons for one to want to know the extent of the offset of VIKINGphotometry from the
Vega system, a plausible example might be in the application to accurate photometric
redshifts. Image artifacts in the near vicinity of bright stars will effect all data sam-
ples drawn from the VIKING catalogue. The recipes presented in this thesis for their
flagging or removal are tools that could be employed widely by users of the VIKING
data.

Chapter 3

In this chapter the use of the VIKING ZYJ colour plane in the selection of 6.5 . z .

7.5 quasars is demonstrated. With the first VIKING catalogue covering only a small
fraction (∼ 200deg2) of the overall footprint, it is argued that in order to conduct the
fairest non-biased quasar search it is necessary to investigate contamination of quasar
colour space via use of a combination of initial data and detailed modelling.

A combination of synthetic photometry and number count models are employed to
populate a mock catalogue of the cool star component of the VIKING survey in the
ZYJ passbands. The catalogue incorporates realistic Gaussian scatter as determined
from the sky background measurements in VIKING imaging frames. The signal-to-
noise distribution for detections in the real catalogue is modelled in order to mimic
the results of the source extraction algorithm. This is then imposed on the simulated
data. The model is compared to ∼ 1deg2 of imaging in the VIKING-VIDEO-CFHTLS
overlap region using photometry from the complementary gi JKs colours as a robust
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star-galaxy separator. The model and data are found to be in good agreement and
the mock catalogue provides a means to investigate cool-star contamination in quasar
selection strategies in lieu of a large sample of real VIKING data.

Similarly a number count model of the 6.5 . z . 7.5 quasar population is constructed
via integration of the latest determination of the quasar luminosity function. The find-
ings imply that the current data set provides a fair possibility of containing a z & 6.5
quasar at the VIKING J-band 10σ limiting magnitude.

Chapter 4

In chapter 4 contamination of the ZYJ colour plane by cool-stars and moderate redshift
galaxies is investigated. To begin with the VIKING catalogues are queried for objects
that have colours consistent with z & 6.5 quasars.

Consecutively a set ‘broad-brush’ constraints are placed on the catalogue, which in-
clude a detection significance threshold, the removal of detectionswith significant error
bits and the removal of objects effected by diffraction or ghosting around bright stars.
Secondly a highly complete sample of VIKINGgalaxies classified via their optical-near-
infrared colours are used to set constraints on the morphological characteristics of faint
point sources in the VIKING catalogues. These constraints are used to remove objects
with extended morphologies from the quasar search. A set of colour constraints are
then employed to limit contamination to a reasonable number for follow-up

For comparison a second method of selection is then investigated. The mock VIKING
catalogue is employed as a distinct hypothesis in as Bayesian model comparison; the
opposing hypothesis being a modelled catalogue high-z quasars. Members of a test
set of simulated quasars are then ranked on the probability that they are quasars over
stars.

The completeness functions of each of these methods are compared and it is found
that a search which uses the Bayesian ranking method is on average ∼ 10 per cent
more complete than a simple colour selection technique. On the basis of this outcome
a catalogue of high-z quasar candidates is defined via probabilistic ranking. These
candidates are then visually inspected for quality control and those that pass this final
test are put forward for follow-up imaging.

In previous works that have used Bayesian ranking for quasar selection, a stellar model
is constrained via a maximum likelihood fit to the real data. In the case of new surveys
such as VIKING this is not possible with the limited data expected from initial releases.
Therefore this methodology is relevant to a number recently commencing or forthcom-
ing rare object searches in new imaging surveys such as PanSTARRS and VST-KIDS.

Investigation into the morphological attributes of sources in this chapter will allow
future VIKINGusers to determine the completeness and contamination of point-source
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samples by galaxies or vice-versa

Chapter 5

Chapter 5 describes the imaging and subsequent reduction of a set of high-z quasar
candidates put forward by various members of the VIKING group for follow-up on
the ESO’s New Technology telescope in June 2011. After the reduction of iNTT and zNTT
band imaging, just six objects remained consistent with being z & 6.5 quasars. These
objects are currently undergoing a program of spectroscopic follow-up. To date all
four objects found in the VIKING sgp field have had spectroscopic follow-up. Three of
these objects have been confirmed as high-z quasars with redshifts of z = 6.5, 6.7, 6.9.
We await spectroscopic confirmation of a further two candidates in the ngc field.

By comparison with expectations from the quasar luminosity function and employing
Poisson likelihood test, the space density of quasars implied by these discoveries is
consistent with no evolution in space density between z ∼ 6-7, but only marginally
more so than a space density that declines at the same rate as seen between z ∼ 3-6.
Further discoveries will help to place better constraints on the evolution of the QLF
beyond z ∼ 6.

Future work

So what next for these new discoveries? A number of followup studies along the same
lines as those outlined in the introduction of this thesis are possible. Here, attention is
given to the most likely follow-up studies to be undertaken by the VIKING working
group within the next six months.

Although it is difficult to put strong quantitative and global constraints on reionisation
with tests on high-z quasars (see chapter 1). They do nevertheless provide useful sug-
gestive trends on the physical processes taking place at these epochs. Gunn-Peterson
like tests on line of sight IGM neutral fractions are out of the question with these three
quasars. They are discovered at a timewhen the IGMvolume averaged neutral fraction
was too large and serve as upper limits in this respect only.

However some useful tests have recently been carried on the most distant quasar yet
discovered at z = 7.085 [ULAS J1120+0641, hereafter J1120; 37]. High signal-to-noise
spectrawere obtained on the VLT FORS2 and Gemini near-infrared spectrograph (GNIRS)
on Gemini North and show clear differences to all quasars yet discovered at z ∼ 6.
The first of these is the size of the quasar ionisation zone, which by convention is in-
ferred from the radius at which the measured fraction of light transmitted blueward
of the Lyα transition falls to 0.1. Quasar ionisation zone sizes at z ∼ 6, are on av-
erage Rion = (7.4− 8.0 [z − 6])Mpc [31], the quasar at z ≃ 7 has an ionisation zone
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Rion = 2.1± 0.1Mpc.
As discussed in chapter 1, there is large scatter and uncertainty in making these mea-
surements, but if the three VIKING quasars also show such clear departures from ex-
pectations at z ≃ 6 it will at least confirm that the Universe continues to undergo an
accelerated state of change between 6 . z . 7.

A tantalising indication of significantly neutral gas in the vicinity of the J1120 is the
likely detection of the Lyα damping wing [152]. The presence of a damping wing may
be understood by considering the finite width of the Lyα transition. The probability
distribution for an emitted frequency is a highly peaked function about λLyα = 1216Å;
a convolution of a Lorentzian profile with intrinsic width reflecting the finite lifetime in
an excited state, and a Gaussian reflecting Doppler broadening. The resulting line has a
Voigt profile. In a highly neutral IGM a small fraction of Lyα emission will be absorbed
at frequencies slightly longward and slightly shortward of λLyα and one should not
expect a sharp discontinuity at λLyα but rather a damped wing.

Shortward of Lyα, absorption due to the dampening effect is difficult to distinguish
from absorption in the GP trough region, but longward of Lyα the damping would
become clear. J1120 is the first quasar to show signs of this effect consistent with a
neutral fraction xHI > 0.1 [153] in the surrounding IGM. The only other source bright
enough for the damping wing to have been detected is GRB050904 a GRB at z ∼ 6.3,
which duly faded after a few days. Similar detections in the VIKING quasars would be
indicative of an epoch in which the neutral fraction of even the most biased regions of
the Universe are still partly neutral.

It is a natural step to mirror these successes with similar high signal-to-noise observa-
tions of the three VIKING quasars for comparison. This may not be straight forward
however, J1120 has an absolute magnitude M1450,AB = −26.6, significantly brighter
than the typical magnitude of the VIKING quasars, M1450,AB = −25.7.
The chance to directly map the distribution of HI around quasars buried in a signifi-
cantly neutral IGM was recently put forward by Cantalupo et al. [154]. The emissivity
of the relatively low density IGM is dominated by two processes; radiative recombi-
nation of free electrons by protons and collisional excitation of HI via interaction with
energetic free electrons. The former is favoured if there is a very high ionisation frac-
tion. Provided there is a significant neutral gas content, the latter is a steeply increasing
function of IGM temperature between 2− 5× 104K (figure 1 from [154]) and can in-
crease the Lyα signal by several orders of magnitude where conditions are favourable.

These conditions are found in the ionisation fronts of high-z quasars. As the ionisation
front expands within the IGM it will encounter neutral patches. Lyα collisional excita-
tion can then take place in the transition zone between the ionisation front and neutral
IGM, the subsequent emission giving a 2D “tomography” of the neutral patches of IGM
encountering the ionisation front.
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This signal will be easily detected with the reduced background and large collecting
areas offered by forthcoming space borne projects such JWST. However if the signal, as
expected, originates from regions of extended width a few arcmins on the sky, then
high resolution spectroscopy from current facilities could detect individual neutral
patches by integrating the signal over a fractions of the slit length.

In lieu of detectable emission from single neutral patches, the integral emission can
be used to obtain better measurements of the scale of the ionisation front placing con-
straints on the IGM neutral fraction. Observations are likely to be carried out J1120
soon, it is perhaps best to wait for these results before attempting similar on the fainter
VIKING quasars.

With the discovery of three more z & 6.5 quasars to add to J1120, there is clearly a
wealth of scientific discovery to come in the near future.

Concluding remarks

Quasars are the brightest non-transient objects in the high-z universe, far outshining
stars and normal galaxies in all regions of the electromagnetic spectrum. Quasars are
now consistently found at z ∼ 6 corresponding to look back times of just a few hun-
dred million years after the Big Bang. These objects represent the rise of the first pop-
ulation of super massive black holes and remarkable evidence of the ability to form
evolved structures of several billion solar masses in the very early universe. Since their
discovery and the detection of their cosmological redshifts, quasars have been used as
cosmological probes in fields as far reaching as black hole growth and galaxy assembly,
star formation and chemical enrichment and the evolution of cosmic hydrogen after the
dark ages.

Now, a new generation of wide field quasar searches is beginning to build upon the
recent success of most notably the SDSS and the CFHTLS. Prompted by technological
advances in near infrared and optical imaging, and the pioneering work in the near in-
frared by UKIDSS in recent years, these surveys aremotivating the discovery of quasars
at unprecedented depths and redshifts. Work in this field will remain at the forefront
of scientific exploration, aided by a wealth of data from forthcoming facilities.

VISTA is already providing deep complementary near-infrared data to UKIDSS and
in the near future deep optical data sets will be available from the VST and the Pan-
STARRS. In the more distant future dark energy related projects such as the LSST and
Euclid will provide tens of quasars at z ∼ 10 and hundreds at 6.5 . z . 8.5

It is rare that a set of such exceptional state of the art facilities overlap to work inde-
pendently towards a common science goal. With the ability to catalogue these objects
in large numbers comes the opportunity to ask statistically interesting questions about
the evolving Universe and serves as strong motivation for quasar searches and science
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with the resulting samples. To optimise the science, these resources should be treated
as complementary data sets and the synergy between them should be fully exploited.

I am pleased to have been able to contribute to the forthcoming wave of science ex-
pected from above mentioned projects. The discovery of three z ≥ 6.5 quasars is a con-
siderable science highlight in the first year of VISTA operations and places the VIKING
high-z quasar search onto the best possible footing for the future.
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APPENDIX A

Straight line fitting procedure

In fitting a 2-dimensional distribution to a specific model, the fitting procedure must
take into account the error distribution in both dimensions. Where there are significant
errors on both axes and perhaps also an intrinsic scatter, a familiar straight line linear
regression is not the correct solution and can give biased results. This is illustrated in
figure A.1, where figure 2.4 is reproducedwith a further two fits using straight forward
linear regression. In this case the short dashed green line shows the fit in which J−Ks
is assumed to take on values that are known to infinite precision (or at least to a sig-
nificantly higher precision than in Y− J). The opposite scenario is shown by the long
dashed green line. The optimised solution lies somewhere in between and is shown by
the blue line as calculated in chapter 2.

A correct approach would deal with all the information available by incorporating the
full error distribution in the problem. One way to do this is to maximise the likelihood
function of the data. This is the approach taken in this thesis and in chapter 2 the
method is used to locate the offset from the Vega system in the VISTA Z and Y bands
from straight line fits to blue stars in the ZJKs and YJKs colour planes. The need for
this analysis is discussed in chapter 2, here the general procedure is outlined.

Given a statistical model with m adjustable parameters aj, j = 0...m− 1, to describe
the underlying distribution of an observed population of N data points (xi, yi), i =

0...N− 1, the likelihood of a given set of parameter values given the observations is
equivalent to the product of the probabilities that each data point should occur from
the model distribution. Formally, this is given by,

L =
N−1
∏
i=0
P(xi, yi | a0...am−1). (A.0.1)

Here xi and yi are data points drawn from an underlying distributionYi = f (Xi | a0...am−1)

and are subject to measurement errors δxi, δyi, with variance σ2xi, σ2yi, such that xi =

Xi + δxi and yi = Yi + δyi.
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Figure A.1: As in figure 2.4 but with the addition of standard linear regression fits
with errors in Y− J (dashed green line) and J−Ks (long dashed green line). The op-
timum solution can not be found by a standard linear regression and is instead given
by a maximum likelihood fit with consideration of errors in both coordinates simulta-
neously. The optimum solution is shown by the blue line as calculated in chapter 2.

For independently Gaussian distributed errors,

L ∝
N−1
∏
i=0

{

exp

[

− 1
2

(

δx2i
σ2xi

+
δy2i
σ2yi

)]}

. (A.0.2)

The best fit model parameters occur where the likelihood takes its maximum value
and the calculation then involves finding derivatives. In this case the fit is to a set of
statistically independent points and the likelihood of drawing the entire data set from
the model is the product of the individual likelihoods of drawing each data point from
the model. Therefore it is easier to differentiate ln(L), which is the sum of individual
log-likelihoods,

ln(L) ∝ −1
2

N−1
∑
i=0

(xi − Xi)2
σ2xi

+
(yi −Yi)2

σ2yi
. (A.0.3)

Since ln(L) is a monotonically decreasing function it achieves its minimum at the same
point at L achieves its maximum, defined by the following differential constraints

∂ ln(L)

∂Xi
=

(xi − Xi)
σ2xi

+
∂ f

∂Xi

[

yi − f (Xi | a0...am−1)
σ2yi

]

= 0, (A.0.4)
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Figure A.2: The Log-likelihood contours corresponding to the maximum likelihood
fit to the blue star locus shown in figure 2.4. Contours start at 1σ and are spaced in
intervals of 1σ assuming a Gaussian distribution of scatter in the fitted parameters.

∂ ln(L)

∂aj
=
N−1
∑
i=0

∂ f

∂aj

[

yi − f (Xi | a0...am−1)
σ2yi

]

= 0. (A.0.5)

For a straight line model Yi = a0Xi + a1, equation A.0.4 reduces to

xi − Xi
σ2xi

+
a0(yi − a0 Xi − a1)

σ2xi
= 0, (A.0.6)

which may be re-arranged to give

Xi =
a0 yi − a0 a1 + xi ǫ2i

a20 + ǫ2i
, (A.0.7)

where ǫ2i = (σyi/σxi)2. With expressions for Xi and Yi, equation A.0.3 can byminimised
via a suitable optimisation routine. Here the algorithm of choice is the Nelder-Mead
simplex [155] implemented by the Interactive Data Language (IDL) Amoeba routine.
Log-likelihood contours corresponding to the fit in figure 2.4 are shown in figure A.2.
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Follow-up photometry

The results of theNTT follow-up photometry of the high-z quasar candidates discussed
in chapter 5 are presented below. For reference VISTA ZYJ magnitudes are also in-
cluded. The signal-to-noise of each detection is given in columns headed with a lead-
ing ‘δ′. The noise measurements in the NTT photometry includes contributions from
the sky background only. The noise measurements for VISTA photometry are calcu-
lated by CASU from the average sky background in the relevant imaging frames and
includes contributions from the source, sky and inter-pixel correlations. Morphological
attributesMCS, pStar, pGalaxy and pNoise and the probabilistic rank Pq based on VSA
photometry are further supplied. Hyphens indicate values that are unavailable for rea-
sons discussed in the chapter 5. Each source is referred to via its ID which is made up
of it’s equatorial sky coordinates (J 2000) pre-fixed by the VIKING field in which it is
found e.g. ngc, sgp. For a few objects follow-up is ongoing and ID is replaced by the
row number in the table below.
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ID Z δZ Y δY J δJ iNTT δiNTT zNTT δzNTT MCS pstar pgalaxy pnoise Pq

ngc1146+0145 21.47 3.75 20.14 12.82 19.54 8.56 22.56 7.14 - - 0.521 0.993 0.003 0.003 3.00e-06
ngc1147+0126 21.74 2.91 20.31 11.02 19.53 8.58 22.44 7.83 - - -0.156 0.994 0.003 0.003 6.60e-06
ngc1149-0046 22.01 5.32 20.56 9.10 19.94 8.23 22.58 7.01 - - 0.366 0.945 0.052 0.003 1.73e-08
ngc1219+0003 21.98 2.61 20.63 4.33 20.28 6.03 22.12 11.03 - - 0.844 0.944 0.052 0.003 1.94e-05
ngc1211+0007 22.57 3.46 20.69 8.50 19.67 8.47 22.43 8.26 - - -1.141 0.994 0.003 0.003 3.00e-05
ngc1218+0106 21.66 8.92 20.46 12.17 19.84 9.58 22.22 10.04 - - -0.578 0.486 0.486 0.027 4.38e-20
ngc1418+0109 22.48 4.51 21.09 8.11 20.69 7.35 22.80 7.54 - - 1.747 0.499 0.499 0.002 1.25e-06
ngc1419-0100 22.62 3.57 20.68 10.64 21.39 1.88 22.80 8.07 - - 2.148 0.050 0.900 0.050 2.84e-01
ngc1431+0001 23.96 0.28 21.03 8.32 20.04 13.87 22.90 0.19 - - -1.317 0.994 0.003 0.003 3.26e-02
ngc1418-0018 21.99 6.68 20.48 12.76 19.96 7.01 22.43 10.35 - - 1.001 0.945 0.052 0.003 3.55e-10
sgp2215-3145 20.92 19.61 20.71 9.57 20.74 6.03 21.03 45.81 - - 0.082 0.945 0.052 0.003 3.49e-83
sgp2222-3129 22.93 2.18 21.08 6.23 20.69 7.48 23.07 6.87 - - 1.153 0.499 0.499 0.002 4.43e-03
sgp0125-3016 22.90 1.16 20.45 7.35 19.59 9.61 22.24 13.72 - - - - - - 1.34e-02
sgp0221-3139 22.22 2.64 20.39 9.99 19.86 12.01 22.04 16.13 - - 0.637 0.997 0.003 0.000 5.48e-03
sgp0223-3208 22.17 5.22 20.61 9.26 20.77 6.28 22.29 15.37 - - 2.068 0.003 0.997 0.000 1.34e-06
ngc1425-0054 22.32 5.36 20.55 12.31 19.93 10.43 22.17 16.25 - - 0.921 0.945 0.052 0.003 8.19e-06
ngc1413+0139 22.22 5.82 20.88 9.18 20.57 5.22 23.06 5.75 - - 1.223 0.052 0.945 0.003 3.22e-09
sgp0223-3144 21.93 3.50 20.60 8.22 19.82 12.48 23.16 5.05 - - 1.325 0.997 0.003 0.000 3.10e-07
sgp0259-3100 23.33 1.12 20.67 7.94 20.16 6.07 22.12 12.31 - - - - - - 9.27e-01
sgp0305-3400 22.92 1.22 20.35 9.72 19.54 10.28 22.12 13.09 - - - - - - 1.25e-01
ngc1213+0200 22.06 6.30 20.62 10.20 19.97 9.10 23.03 5.26 - - 0.714 1.000 0.000 0.000 8.38e-11
ngc1218+0051 22.04 2.49 20.74 3.90 20.08 7.28 22.60 8.25 - - 0.957 0.997 0.003 0.000 2.00e-05
ngc1412+0128 22.30 5.40 20.82 9.72 20.41 6.06 22.86 7.93 - - 1.323 0.945 0.052 0.003 1.05e-07

Continued overleaf
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ID Z δZ Y δY J δJ iNTT δiNTT zNTT δzNTT MCS pstar pgalaxy pnoise Pq

ngc1447+0113 21.97 4.98 20.80 8.00 20.05 7.83 22.64 10.09 - - 2.751 0.000 1.000 0.001 2.11e-09
ngc1450-0023 22.36 5.02 20.96 8.41 21.01 2.74 23.00 7.11 - - -1.163 0.945 0.052 0.003 2.75e-07
ngc1414+0126 22.14 6.35 20.89 9.12 20.50 5.57 22.75 8.48 - - 0.688 0.945 0.052 0.003 4.76e-11
ngc1434-0003 22.13 6.45 20.77 10.76 20.20 8.93 22.54 10.88 - - 0.164 0.945 0.052 0.003 3.82e-11
sgp2358-3355 23.67 0.57 20.84 7.74 20.24 7.31 22.74 7.27 - - 0.593 0.486 0.486 0.027 8.25e-01
ngc0914+0155 22.42 4.89 20.97 9.21 20.45 9.62 23.52 4.32 - - 1.162 0.499 0.499 0.002 3.15e-07
ngc1151+0118 22.61 3.98 20.93 9.04 20.60 5.68 23.21 7.39 - - 2.289 0.486 0.486 0.027 2.89e-04

#31 22.80 3.26 21.02 8.33 20.48 7.02 24.20 2.18 22.42 3.68 -0.924 1.000 0.000 0.000 1.47e-03
#32 23.38 1.70 20.85 10.43 20.18 9.41 24.89 0.64 24.70 -1.48 0.833 0.486 0.486 0.027 9.96e-01

ngc1429+0142 22.33 4.13 20.55 10.72 19.83 8.07 23.00 11.89 - - 0.314 0.944 0.052 0.003 9.72e-05
ngc1450+0100 22.16 3.11 20.37 8.73 19.71 7.52 22.15 20.69 - - 4.142 0.000 1.000 0.000 5.77e-04
ngc1451+0021 21.81 4.33 20.30 9.26 19.67 7.81 23.18 7.63 - - 0.004 1.000 0.000 0.000 1.31e-06
sgp0109-3047 24.00 0.13 20.64 8.36 20.33 5.28 24.82 1.43 22.77 6.98 - - - - 9.99e-01
sgp0305-3150 23.59 0.62 20.23 10.47 19.68 9.64 24.87 0.85 21.73 15.24 - - - - 1.00e+00
sgp0322-3350 23.41 0.60 20.83 4.41 20.21 5.11 22.95 11.44 - - - - - - 1.34e-02
sgp2214-3134 22.86 2.94 21.38 5.14 20.90 5.24 23.41 9.50 - - 1.064 0.500 0.500 0.002 9.07e-05
sgp2218-3154 22.39 4.85 21.33 5.39 20.35 8.66 24.94 0.44 - - 0.587 0.500 0.500 0.002 3.60e-05
sgp2223-3158 22.16 6.22 20.91 9.49 20.20 11.76 23.36 7.09 - - 3.098 0.000 1.000 0.000 3.05e-12
sgp2226-3124 23.03 1.95 21.26 5.27 20.63 7.90 23.48 7.05 - - 0.125 0.997 0.003 0.000 1.26e-03
sgp2229-3057 23.39 1.03 20.98 7.24 20.45 4.91 23.54 6.03 - - 1.025 0.052 0.947 0.000 2.83e-01
sgp2348-3054 24.32 -0.37 20.44 11.55 20.30 8.54 25.61 -2.23 22.31 11.35 1.012 0.500 0.500 0.002 1.00e+00
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Photometric offsets

VIDEO and CFHTLS data in use throughout this thesis has been transformed from
the AB (absolute) system onto the Vega system. The AB system is defined to have a
constant flux density over all wavelength intervals, the reference spectrum being flat
in f (ν) ≡ fν ≡ const [ergs s−1 cm−2Hz−1]. The constant is defined such that fν dν ≡
fλ dλ at the effective wavelength of the Johnson V-band λV = 5480Å.

Offsets from the VIDEO (VIRCAM) and CFHTLS (MegaCam) AB magnitudes to their
Vega equivalents are given for each passband in table C.1. These are calculated by
evaluating equation 3.1.1 for the SED of Vega and a flat fν = const spectrum over
the relevant passbands, the difference in magnitudes giving the offset. For reference
table C.1 also supplies the central wavelength of each filter.

Two MegaCam iCFH filters are listed; due to a mechanical failure which led to the de-
struction of iCFH(1), a new filter iCFH(2) was commissioned in June 2007. iCFH(1) was
operational on MegaCam for CFHTLS nights between mid-2003 to mid-2007, iCFH(2)
became the new i-band filter until the survey end in early 2009. Reference to the iCFH-
band in this thesis corresponds to iCFH(1). Offsets in the SDSS and WFCAM filters can
be found in [72].
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Instrument Filter Central wavelength (Å) Conversion AB to Vega

uCFH 3743 -0.338
gCFH 4872 0.093

MegaCam rCFH 6282 -0.164
iCFH (1) 7776 -0.389
iCFH (2) - -0.376
zCFH 11702 -0.551
Z 8800 -0.512
Y 10200 -0.600

VIRCAM J 12500 -0.916
H 16500 -1.360
Ks 21500 -1.827

Table C.1: Offsets from the AB to the Vega system for the MegaCam and VIRCAM
ugriz and ZYJHKs filter sets employed by the CFHTLS and VISTA surveys respec-
tively.
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