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Abstract
A unique K-band selected high-redshift spectroscopic dataset (UDSz) is exploited to
gain further understanding of galaxy evolution at z > 1. Acquired as part of an ESO
Large Programme, this thesis presents the reduction and analysis of a sample of ∼

450 deep optical spectra of a random 1 in 6 sample of the KAB < 23, z > 1 galaxy
population.
Based on the final reduced dataset, spectrophotometric modelling of the optical
spectra and multi-wavelength photometry available for each galaxy is performed using
a combination of single and dual component stellar population models. The stellarmass and age estimates provided by the spectrophotometric modelling are exploited
throughout the rest of the thesis to investigate the evolution of massive galaxies at
z > 1.
Focusing on a K-band bright (K < 21.5) sub-sample in the redshift range 1.3 <
z < 1.5 the galaxy size-mass relation has been studied in detailed. In agreement with
some previous studies it is found that massive, old, early-type galaxies (ETGs) have
characteristic radii a factor � 1.5 − 3.0 smaller than their local counterparts at a given

stellar-mass. Due to the potential errors in spectrophotometric estimates of the stellarmasses at high redshift velocity dispersion measurements are derived for a sub-sample
of massive ETGs at z > 1.3 in order to calculate dynamical mass estimates. To date,
only a handful of objects at z > 1.3 have individual velocity dispersion estimates in
the literature. Here the largest single sample (13 objects) of velocity dispersion measurements at high redshift is presented. The results for the sub-sample of objects with
dynamical mass estimates confirm the results based on stellar mass estimates that high
redshift massive systems are more compact than their local counterparts.
The fraction of K-band bright objects at high redshift that are passively evolving is calculated with specific star-formation rates from the UV rest-frame continuum,
[OII] emission and 24µm data. It is concluded that ∼ 58 ± 10% of the K < 21.5,

1.3 < z < 1.5 galaxy population is passively evolving. Various photometric techniques
for separating star-forming and passively evolving galaxies are assessed by exploiting
the accurate spectral types derived for the UDSz spectroscopic sample. Popular highredshift selection techniques are shown to fail to eﬀectively select complete samples of

passive objects with low levels of contamination. Using detailed information available
for the UDSz dataset, various techniques are optimised and then used to estimate the
passive fraction from the full UDS photometric catalog. The passive fraction results
from the full photometric catalog are found to agree well with the results derived from
the UDSz sample.
With the Visible and Infrared Survey Telescope for Astronomy (VISTA) now starting to produce data, the opportunity has been taken to develop high-redshift galaxy
population dividers based on the VISTA filters. Using the first data release from the
VISTA Deep Extragalactic Observations (VIDEO) survey (VVDS D1 field), the passive fractions of K-band limited samples have been estimated to compare with results
derived in the UDS. Within the errors the passive fraction estimates in the UDS and
VISTA VVDS D1 field are found to agree reasonably well.
Finally, composite spectra are used to study the evolution of various diﬀerent galaxy
sub-samples as a function of redshift, age, stellar-mass and specific star-formation rate.
This work produces an remarkably clean result, showing that the massive, absolute Kband bright, passively evolving ETGs are always the oldest population, with ages close
to the age of the Universe at z ∼ 1.4. In contrast, the late-type, low-mass, star-forming
galaxies are always found to be much younger systems. This result strongly supports

the downsizing scenario, in which more massive systems complete their stellar-mass
assembly before lower-mass counterparts.
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5.14 Stellar masses versus dynamical mass. The open blue circles are 17 galaxies from di Serego Alighieri et al. [2005] from the K20 survey with 15 in
the redshift range 0.88 ≤ z ≤ 1.3 and 2 at z ∼ 0.67. The open green
triangles are 40 ETGs at z ∼ 1 from Rettura et al. [2006]. Rettura et al.
[2006] acquired the velocity dispersions from the literature with 36 from
van der Wel et al. [2005] and 4 from Holden et al. [2005]. The 8 Rettura
et al. [2006] uses from the K20 survey have been left out as they are in
the sample from di Serego Alighieri et al. [2005]. The two open black
triangles are the two early-type galaxies at z ∼ 1.4 from Cappellari et al.
[2009] from the GMASS survey. The galaxies from this work are shown as
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Chapter 1

Introduction
Understanding galaxy formation and evolution is one of the key challenges in extragalactic astronomy. The ultimate goal is to combine the latest theories and observations
to gain a full understanding of how density perturbations in the early Universe evolved
into the structures we see in the present day Universe. The goal of this thesis is to
exploit a unique spectroscopic data-set to improve our understanding of the assembly
and evolution of massive galaxies at redshift 1 < z < 2.

1.1

Theoretical Framework of Galaxy Evolution

The widely accepted ΛCDM model predicts that the galaxies and large scale structures
seen in the Universe today originate from primordial density fluctuations following an
inflationary period after the Big Bang. The growth of these fluctuations led to areas
of underdensities which became present day voids and overdensities which became the
galaxies, groups and clusters of galaxies observed today. This idea was originally put
forward by Peebles [1965], who proposed that the expansion of the Universe leads to the
cooling of its contents, meaning any large scale perturbations from the overall unifrom
mass distribution would grow over time. Dark matter halos were the first structure to
form as they are believed to only interact through gravitational forces. These halos
played as arenas for the first generation of stars and proto-galaxies. Within the ΛCDM
framework, the latest observations constraints suggest that only 4% of the Universe’s
mass-energy budget is in the form of baryonic (visible) matter; 23% is thought to be in
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the form of dark matter (matter that is currently detectable only by its gravitational
interactions), and the majority, the remaining 73%, is in the form of dark energy, a still
to be understood source of energy believed to be responsible for the increased rate of
expansion of the Universe [e.g. Daly and Djorgovski 2003].

1.1.1

Constraining Cosmological Parameters

The isotropy of the early Universe should produce a near perfect blackbody spectrum.
The remnants of which should be able to be seen today. This idea was first suggested
by Gamow, Alpher and Herman in 1947 and it was first detected by Penzias and Wilson
[1965] to be a thermal blackbody spectrum at a temperature of 3.5 ± 1K. The COsmic

Background Explorer (COBE) with the Far Infrared Absolute Spectrophotometer (FIRAS) [Mather et al., 1993] went onto measure the temperature of the discovered cosmic
microwave background (CMB) thermal spectrum to be 2.726 ± 0.010K [Mather et al.,
1994] and further observations improved the result to 2.725 ± 0.002K [Mather et al.,
1999].

It was predicted that the primordial density fluctuations would be observable as
anisotropies in the CMB [Sachs and Wolfe, 1967]. These anisotropies were first discovered using Diﬀerential Microwave Radiometers (DMR) [Smoot et al., 1990] on COBE
[Smoot et al., 1992].
The Wilkinson Microwave Anisotropy Probe (WMAP) followed COBE and measured these anisotropies with much higher resolution, sensitivity and accuracy. The
position and size of peaks in CMB power spectrum can be used to constrain cosmological parameters. The higher order peaks were not visible with COBE due to its large
beam width but the higher resolution of WMAP allowed studies on smaller angular
scales. WMAP unveiled the peaks that were being looked for [Larson et al., 2011]. See
Figure 1.1. However WMAP data alone is degenerate across the cosmological parameters so additional parameter constraints are required.
Galaxy clustering can be used to constrain cosmological variables through an analogous method. By considering diﬀerent models of the expanding Universe, cosmological
parameters can be estimated from the power spectrum of the distribution of galaxies
[e.g. Percival et al. 2001, Cole et al. 2005]. Combining the results from clustering

2

1.1. THEORETICAL FRAMEWORK OF GALAXY EVOLUTION
6000

2.0

5000

1.5

(l+1)Cl TE /2π [µK 2]

l(l+1)ClTT/2π [µK2]

The Astrophysical Journal Supplement Series, 192:16 (19pp), 2011 February

4000
3000
2000
1000
0

1.0
0.5
0.0
–0.5

10

100

500

1000

–1.0

Multipole moment l

10

50

100

Multipo

Figure 1. Seven-year temperature (TT) power spectrum from WMAP. The third
acoustic peak and the onset of the Silk damping tail are now well measured
Figure 3. Seven-year temperature-pol
Figure 1.1: The by
temperature
power
from
year WMAP
results
[Larson
WMAP. The curve
is thespectrum
ΛCDM model
best the
fit to seven
the seven-year
WMAP
measured
by WMAP. The second trough
data: Ωb h2 = 0.02270, Ωc h2 = 0.1107, ΩΛ = 0.738, τ = 0.086, ns = 0.969,
of l = 450 is now clearly detected. The
et al., 2011]. The∆2third
acoustic
well WMAP data, as in
−9 peak and the onset of the Silk damping tail are
fit to now
the seven-year
R = 2.38 × 10 , and ASZ = 0.52. The plotted errors include instrument
noise, but not the small, correlated contribution due to beam and2point source
diagonal
elements
2
measured by WMAP.
The curve is the ΛCDM model best-fit (Ωb h A=complete
0.02270, Ωc h = 0.1107, of the covariance ma
subtraction uncertainty. The gray band represents cosmic variance.
and instrument noise. A complete error t
9 likelihood code. The points are
error treatment
is incorporated
in the WMAP
likelihood
code. Note that the plotted
ΩΛ = 0.738, τ = 0.086,
ns = 0.969,
∆2R = 2.38×10
and ASZ = 0.52. The gray band
represents
binned in progressively larger multipole bins with increasing l; the bin ranges
l(l + 1)ClTE /(2π ).
cosmic variance. are included in the seven-year data release.

seven-year data release (Jarosik
radiometers have the highest ang
W band significantly enhanc
analysis with the knowledge of the CMB power spectrum
fluctuations thethe
degeneracy
7 years
3000
spectra.
noise per ∆l = 10
amongst cosmologies can be reduced [Spergel et al., 2003] (see Figure 1.2). The seven-year TE spectrum
in Figure 3. For all except the
2000
and their Gaussian
errors are
Studying the expansion of the Universe is an eﬀective way to put constraints
on
the conditional maximum likeli
cosmological models.1000Similar to the use of Cepheid variables, the expansion
can mentioned
be
likelihood
above. Th
is included in the error bars.
traced by observations 0of supernovae. The processes leading to a type 1aintegration
supernova
and the inclusion of
500
600
700
800
900
1000
1100
1200
the TE signal with a significan
are well understood and the luminosity
emitted
when
be welldata. Indeed, for
thetofive-year
Multipole
moment
l one occurs is thought
is
less
than 65% of the five-ye
Figure 2.these
High-l TT
spectrum measured
WMAP,
showing the
improvement
constrained. Therefore
supernovae
workby as
standard
candles
within the Universe,
sensitivity improvement is even
with seven years of data. The points with errors use the full data set while the
boxes show the five-year results with the same binning. The TT measurement is
At l = 800 the seve
i.e. a distance can
be inferred directly from the observed luminosity of resolution.
the object.
improved by >30% in the vicinity of the third acoustic peak (at l ≈ 800), while
five-year value. A qualitatively
the two bins from l = 1000 to 1200 are new with the seven-year data analysis.
spectrum is a second troug
Three of the major supernovae detection projects (past and present) are theyear
Supernova
Figure 4 for a comparison of th
bars, forTeam
the TE and TB spectra
Cosmology Project (SCP)
[Perlmutter et al., 1995],
theCross
High-z
Supernova Search
2.4. Temperature–Polarization
(TE, TB)
Spectra
consistent with the simplest six
[Riess et al., 1997] and
Supernova
Legacy Survey (SNLS)
[Howellspectra
et al., 2005].
Kowalski
discuss
its goodness of fit in Sec
The seven-year
temperature–polarization
cross-power
The observed TE signal is the
were formed using the same methodology as the five-year
et al. [2008] went
on to combine
a large
supernova
to form
a hot and cold spot
pattern
around
spectrum
(Page et al.
2007; collection
Nolta et al.of2009).
For l datasets
�
In particular, the acoustic peak
23, the cosmological model likelihood is estimated directly
"Union" catalog;from
fromlow-resolution
this master dataset
andand
in polarization
combination
withThe
other cosmological
a series of concentric rings of a
temperature
maps.
temperature input is a template-cleaned, co-added V + W-band
+0.063
measurement estimated the dark energy density to be ΩΛ = 0.713−0.068 . polarization (relative to a radial
et al. (2011) perform a stacki
map, while the polarization input is a template-cleaned, cotemperature and polarization m
added Ka + Q + V-band map (Gold et al. 2009). In this regime,
detected in the seven-year WMA
the spectrum can be inferred from the conditional likelihood of
of 8σ .
Cl values (individual or binned), but these estimates are only
The seven-year TB spectrum
used for visualization.
in Figure 5. In this case, becau
For l > 23, the temperature-polarization spectra are derived
low, the MASTER points and th
using the MASTER quadratic estimator, extended to include
over the full l range, including
polarization data (Page et al. 2007). (As above, the MASTER
spectrum is consistent with zero
spectrum is evaluated from l = 2, but the result from l = 2–23
is discarded.) The temperature input is a template-cleaned,
(TB = 0) is 793.5
for 777 degre
3
co-added V+W-band map, while the polarization input is a
to exceed that amount is 33%.
template-cleaned, co-added Q+V+W-band map. The inclusion
signal is consistent with the ΛCD
of W-band data in the high-l TE and TB spectra is new with the
It is also an indication that sys
4000

l(l+1)Cl TT/2π [µK 2]

5 years

4

1.1. THEORETICAL FRAMEWORK OF GALAXY EVOLUTION

shock waves in the photon-baryon fluid. Afotons completely decouple from baryons, and
e photon pressure support. The shock stops afstance of about 150 Mpc (in comoving coordis to an overdensity of the baryonic medium on
of 150 Mpc. This overdensity has been recently
orrelation function of Luminous Red Galaxies
vey (Eisenstein et al., 2005; Hütsi, 2006), see
ig. 15. Baryonic acoustic oscillations depend
matter/energy density and the baryon density,
to estimate these parameters.
pendent source of information on cosmologiomes from the distant supernova experiments.
y Riess et al. (1998, 2007) (High-Z Supernova
d Perlmutter et al. (1999) (Supernova Cosmoliated programs to detect distant type Ia superly stage of their evolution, and to investigate
opes their properties. These supernovae have
ant intrinsic brightness (depending slightly on
By comparing the luminosities and redshifts of
nt supernovae it is possible to calculate how fast
s expanding at diﬀerent times. The supernova
e strong support to the cosmological model with
ig. 16.

Figure constraints
17: Combined
to cosmological
Figure 1.2: Combined
to constraints
cosmological
densities ΩΛdensities
and ΩMΩ, Λusing supernovae,
and Ω M , using supernovae, CMB and cluster abundance data.
CMB and cluster abundance
data. The
ΩΛ +with
ΩM solid
= 1, is
shown with a solid
The flat Universe
with flat
ΩΛ Universe
+ Ω M = 1with
is shown
line
(Knop et al., 2003).
line [Knop et al., 2003].

ults of the Supernova Legacy Survey: appar- 2006). According to these studies the matter density parameter
is Ωm = 0.27
± 0.02, not
from the
value Ωm = 0.3, sugof supernovae are normalized
to the standard
1.1.2
Semi Analytical
Models
of far
Galaxy
Evolution
shown as solid line. Dashed line shows the gested by Ostriker & Steinhardt (1995) as a concordant model.
combined
method
for the Hubble
constant
a value at the start of
r model with Ωm = 1 (Kolb, 2007)
(reproduced
The dark
matter The
halos
that form
fromyields
the primordial
mass
fluctuations
h = 0.71 ± 0.02 independent of other direct methods. From
the author).
same dataset
authors
the density of
baryonic
matter,
the Universe are the
believed
to evolve
in get
an for
hierarchical
manner
called
hierarchical cluses of dark energy aﬀect the rate at which the Ωb = 0.041 ± 0.002. Comparing both density estimates we get
[1974]
presented
anm −analytic
theory
the dark matter
density
ΩDM = Ω
Ωb = 0.23,
and thefor
darkhow these initial
s, depending on their eﬀectivetering.
equationPress
of state.andforSchechter
al constant is equivalent to the vacuum. The energy density ΩΛ = 0.73. These parameters imply that the age
fluctuations would evolve into the mass distribution seen in the Universe today. Asndidate of dark energy is quintessence (a scalar of the Universe is 13.7 ± 0.2 gigayears.
iﬀerent and generally variablesuming
equationaofGaussian
state.
distribution of initial density fluctuations, Efstathiou et al. [1988]
dark energy has its own equation of state that 6.2 The role of dark energy in the evolution of
N -body simulation experiments that produced results in good agreement
ure in the Hubble diagram ofperformed
the type Ia superthe Universe
000, 2003).
with Press and Schechter [1974]. Bower [1991] extended this work to study how hiertion of the CMB and supernova data allows us Studies of the Hubble flow in nearby space, using observations
endently the matter density and
the density
due of would
type Ia supernovae
with the and
Hubble
Space Telescope
(HST),
archical
clustering
result in groups
clusters
of galaxies.
Later Kauﬀmann
hown in Fig. 17. The results of this combined were carried out by several groups. The major goal of the study
and
[1993] was
produced
an algorithm
construct
halo merger
hat the Universe is expanding
at White
an acceleratto determine
the value that
of thewould
Hubble
constant. dark
As a matter
byceleration is due to the existence of some pre- product also the smoothness of the Hubble flow was investin dark energy (or cosmological constant) which gated. In this project supernovae were found up to the redshift
ve force (for reviews see Bahcall et al. (1999), (expansion speed) 20 000 km s−1 . This project (Sandage et al.,
4
008)).
2006) confirmed earlier results that the Hubble flow is very quiet
y, the matter density parameter has been deter- over a range of scales from our Local Supercluster to the most
tering of galaxies in the 2-degree Field Red- distant objects observed. This smoothness in spite of the inthe Sloan Digital Sky Survey. The most ac- homogeneous local mass distribution requires a special agent.
of cosmological parameters are obtained us- Dark energy as the solution has been proposed by several authors
nalysis of the 2dFGRS, SDSS and the WMAP (Chernin (2001); Baryshev et al. (2001) and others). Sandage
al., 2003; Tegmark et al., 2004; Sánchez et al., emphasizes that no viable alternative to dark energy is known
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Figure 1.3: A schematic representation of a dark matter halo merger tree from Kauﬀmann
and White [1993].

trees mapping out the mass growth path for condensations of matter in the Universe.
See Figure 1.3 for an example of an hierarchical dark matter halo merger tree.
With a basis for how the dark matter structure of the Universe evolved, the next
task was to attempt to imprint the baryonic physics of stellar and galaxy formation on
top. Early work on this was done by White and Rees [1978] and the first semi-analytical
model (SAM) was constructed by White and Frenk [1991]. There are numerous groups
using SAMs but the highly active groups working on SAMs are; Durham [e.g. Cole
et al. 1994], Munich [e.g. Kauﬀmann et al. 1993] and Santa Cruz [e.g. Somerville and
Primack 1999].
The main ingredients of a SAM are cosmology, dark halos, gas cooling, star formation
and feedback. A schematic showing how the main baryonic physical processes are linked
is shown in Figure 1.4, taken from a review of the subject by Baugh [2006]. The physics
behind all these processes is not fully understood and therefore simple recipes with free
parameters are placed into the SAMs to mimic these processes. This leads to SAMs
having a vast array of free parameters. Initially these free parameters were tuned to
match the large amounts of observational data at z ∼ 0, such as the luminosity function,
the Tully-Fisher relation and the fundamental plane of galaxies. See Figure 1.5 for a
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C M Baugh
COSMOLOGICAL MODEL
Ω 0, Λ 0, σ8, h, P(k)

DARK MATTER HALOS
MERGER TREES
STRUCTURE

DISK SIZES

GAS COOLING
DISK FORMATION

STAR FORMATION
& FEEDBACK

GALAXY MERGERS
SPHEROID FORMATION

SPHEROID SIZES

BURSTS

CHEMICAL EVOLUTION

STELLAR POPULATIONS

DUST EXTINCTION

OBSERVABLE GALAXY
PROPERTIES

Figure 7. A schematic overview of the ingredients of a hierarchical galaxy formation model.

from Cole
al (2000).
Figure 1.4: A schematic Adapted
flow chart
of etthe
baryonic physical processes that are implemented

into semi-analytical models [Baugh, 2006].
understood. To counter this, recipes or prescriptions which contain parameters are employed.
The values of the parameters are set by demanding that the model reproduces a subset of the
available observations, typically low redshift data. The form of the rule adopted to describe a
schematic ofprocess
the typical
local
and
relation
SAMs
have their
is motivated
by aobservations
result from a more
detailed
numerical
simulation
or fromparameters
observations.
We give a generic description of how phenomena are modelled, rather than providing a detailed
tuned to match
[Cole between
et al., 2000]
comparison
the implementations used in different models; such a comparison would
be tedious and would soon be out of date, since the models are continually being improved and
Although SAMs are eﬀective at reproducing what is seen in the local Universe, for
developed. An overview of the processes typically incorporated in semi-analytical models is
shown1.6
in figure
example Figure
shows7. that the Durham model can reproduce the local observed b

and K luminosity
3.1. Thefunction
cooling of[Cole
gas et al., 2000], initially the models had diﬃculty matching
Theat
cooling
of gas
is central to the process of galaxy formation, as it sets the rate at which the
what was seen
higher
redshift.
raw material for star formation becomes available (Blumenthal et al 1984). The basic model

The early SAMs [e.g. Cole et al. 2000 and Somerville et al. 2001] had diﬃculty

matching the number density of massive galaxies discovered at high-redshift by observations with the Submillimetre Common-User Bolometer Array (SCUBA) [Scott et al.,
2002], Max-Planck-Millimeter-Bolometer (MAMBO) [Blain et al., 2002] and K-band
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1.2. CONSTRAINTS ON GALAXY EVOLUTION FROM OPTICAL STUDIES
surveys such as Cimatti et al. [2002b] and Kashikawa et al. [2003]. SCUBA selects high
redshift galaxies based on their rest-frame far-IR emission, therefore SCUBA galaxies
are dusty galaxies with high star-formation rates that have their UV emission absorbed
and re-emitted in the far-IR. SCUBA galaxies may not be massive themselves but due to
the extremely high SFR estimated from their far-IR emission (250-2000 M⊙ yr−1 ) they
are believed to be the progenitors of massive galaxies. Granato et al. [2004] attempted
to address this problem with the use of active galactic nuclei (AGN) feedback. Granato
et al. [2004] implemented the idea that the radiation drag on the cold gas collapsing
into the halo decreases its angular momentum, causing an inflow into a reservoir around
the central black hole. Viscous drag then causes the gas to flow from the reservoir into
the black hole, increasing its mass and powering the nuclear activity. This increased
nuclear activity causes feedback from the black hole which suppresses star-formation,
and could help to account for the presence of massive evolved systems at high redshift.

1.2

Constraints on Galaxy Evolution from Optical Studies

Early studies of the global star-formation history of the Universe suggest that the starformation rate density of the Universe peaked at z ∼ 1 [Madau et al. 1996, Lilly et al.

1995, Connolly et al. 1997, Madau et al. 1998]. Figure 1.7 shows the original "Madau
Plot" of the star-formation rate history of the Universe, based on star-forming galaxies
found in the optical bands of the Hubble Deep Field (HDF), which trace the rest frame
ultra-violet out past z ∼ 1.

Optical studies also showed that massive galaxies were rare at high-redshift [Madau

et al., 1996], in agreement with the output from contemporary SAMs as they are based
on bottom up assembly and the more massive systems should not form until late in the
history of the Universe.
However, for the z > 1 Universe, optical studies observe the rest-frame ultra-violet.
This results in a strong bias against red galaxies, both those that are red from domination of old stellar population and those that are red due to the presence of dust.
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Figure 1.7: The original ’Madau Plot’ showing the star-formation rate history of the Universe
based on searching for star-forming galaxies in the optical bands of the Hubble Deep Field
(HDF) which trace the rest frame ultra-violet out past z ∼ 1 Madau et al. [1996]

1.3

The Advent of Near-Infrared Studies

The key to improving on the optical studies of the z > 1 Universe was to move observations into the near-infrared (NIR), which observe the rest-frame optical at z > 1 and are
free from bias against red (passively evolving or dust obscured) galaxies. When observing the high-redshift Universe the mass-to-light ratio in the K(2.2µm)-band has a small
range compared to the rest-frame UV and therefore can be used to select galaxies by
mass. This makes comparison with galaxy evolution models easier as, fundamentally,
models describe galaxies in terms of mass.
The first generation of NIR detectors were developed over 20 years ago [WynnWilliams and Becklin, 1987]. Elston et al. [1988] took deep K-band imaging of 10
arcmin2 of the sky and constructed a K vs. R − K colour-magnitude diagram of their
observed objects (see Figure 1.8). The R − K colour is of particular interest as the

R and K-bands straddle the 4000Å break for galaxies at z > 1. At the time, Bright
Cluster Galaxies (BCGs), local massive galaxies in the vicinity of cluster centres, were
considered the most luminous and reddest galaxies known and everything else was
fainter and/or bluer. Consequently, Elston et al. [1988] added lines to their colour-

9
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Figure 1.8: A colour magnitude diagram from Elston et al. [1988] showing K vs. R − K.
The solid and dot-dashed line represent model of a passively evolving Bright Cluster Galaxies

(BCG) from Bruzual [1983] and a non-evolving E galaxy derived from IR observations of local
ellipticals. The unevenly dashed line represents a Bruzual µ = 0.5 model (µ represents the
fraction of the total gas mass that will be in stars after 1 Gyr if dying stars did not return gas
to the system, defined as µ = 1 − e−1/τ , where τ defines the period of star-formation) with
ongoing star-formation.

magnitude diagram representing an evolving model of a BCG from Bruzual [1983] and
a line representing a non-evolving BCG based on data from nearby galaxies (the solid
and dot-dashed curves respectively in Figure 1.8). Using these curves, along with the
idea that R−K colours of galaxies out to z = 1 are monotonic, the region just below the
lines represents the "red envelope", that is, the extreme part of the colour-magnitude
diagram that is was believed normal z ≤ 1 galaxies could populate. Elston et al. [1988]
found two galaxies that, due to their extremely red colours, sat outside of this region,
and are highlighted by a red circle in Figure 1.8.
Based on their number density, these objects were ruled out as red luminous radio
galaxies, as seen by Lilly et al. [1985], as only 1-2 red luminous radio galaxies are expected per deg2 at z ≈ 1. Elston et al. [1988] thought they could be a new class of
10
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galaxy representing primeval galaxies at z > 6 undergoing a rapid luminous phase of
star-formation [Schmidt 1963, Partridge and Peebles 1967]. Elston et al. [1989] acquired
BV RiJHK photometric and optical spectroscopic data for these two interesting objects. They concluded that these galaxies were luminous red galaxies at z = 0.8. With
these, and a third object confirmed to have K = 17.9(Vega) and R − K = 6(Vega) with

a redshift of z = 1.2 ± 0.2 they suggested the existence of a population of extremely
luminous galaxies at z > 0.7.

Cowie et al. [1990] performed a deep K-band survey on UKIRT and found objects
even redder than the two objects found by Elston et al. [1988]. The reddest objects in
their sample also had colours redder than extreme M stars and brown dwarfs. These
results supported the idea of a high-redshift population of extremely luminous red galaxies, as a system of stars with significant dust is the only object that could be redder
than these extremely cool stars.
Djorgovski et al. [1995] performed one of the first studies of galaxy number counts
in the K-band using deep Keck observations reaching K = 24 over 3 Keck fields of
view. They found no turn over in the number counts down to the limits of their data
(see Figure 1.9). These early observations instantly showed the power of the NIR to aid
astronomical investigations into the high-redshift Universe.
The major drawback with these early studies was the size of the surveys, which
were all conducted over a very small area of the sky. However, with the introduction
of such instruments as the UKIRT Fast-Track Imager (UFTI) [Roche et al., 2003b] on
the UK Infrared Telescope (UKIRT), Ω-Prime [Bizenberger et al., 1998] on the 3.5m telescope of the Calar Alto Observatory and the Infrared Spectrometer And Array
Camera (ISAAC) [Moorwood et al., 1998] on the Very Large Telescope (VLT), larger
areas of the sky could be surveyed. This generation was then followed by the most upto-date NIR instruments such as Wide Field Infrared Camera (WFCAM) [Casali et al.,
2007] on UKIRT, Wide-field InfraRed Camera (WIRCam) [Puget et al., 2004] on the
Canada France Hawaii Telescope (CFHT) and VISTA InfraRed CAMera (VIRCAM)
[Dalton et al., 2006] on VISTA. This generation of NIR cameras can image a significant
fractions of a square degree in a single shot, and are currently undertaking major surveys
of the high-redshift Universe.
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Figure 1.9: Extragalactic number counts in the K-band from Djorgovski et al. [1995]. The
K-band magnitudes are in the Vega system. The number counts for the other symbols come
from previous K-band surveys based on shallower data. See Figure 2 in Djorgovski et al. [1995]
for references for other symbols.

1.4

Results from Early Large Area Near-IR Surveys

The development of large near-IR detectors prompted large near-IR surveys to take
place. An early example of large NIR surveys is the Munich Near-IR Cluster Survey
(MUNICS), a K-band selected survey over 1 deg2 that acquired deep J- and K-band
imaging [Drory et al., 2001]. With a sample of data from the MUNICS survey, based on
the best photometric homogeneity and good seeing, Drory et al. [2004] showed how the
number density of K-band selected field galaxies evolves with redshift down to stellarmass limits of 2 × 1010 , 5 × 1010 and 1 × 1011 h2 M⊙ (see Figure 1.10). Drory et al. [2004]
found that the more massive galaxies had stronger evolution in number density with
decreasing redshift (this is evidence against the idea "downsizing" - see later).
The Great Observatories Origins Deep Survey (GOODS) was a multi-wavelength
programme that achieved imaging over a wide range of wave bands in two fields (centred
on Hubble Deep Field North (HDF-N) and Chandra Deep Field South (CDFS)) [Fosbury
12
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Fig. 6.—Comoving number density of objects having stellar masses exceeding Mlim ¼ 2 ; 1010 (left), 5 ; 1010 (middle), and 1 ; 1011 h#2 M$ (right). The filled
circles denote the values measured separately in each survey field, and the open circles denote the mean values over the whole survey area.
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More recently Cirasuolo et al. [2010] investigated
the evolution of the near-IR galaxy
TABLE 3
Number Density of Objects with Stellar Mass M > Mlim

luminosity function out to z ∼
4 using the UKIDSS
Ultra Deepn(MSurvey
(described in
n(M > 2 ; 1010 h#2 M )
n(M > 5 ; 1010 h#2 M )
> 1 ; 1011 h#2 M )
$

z

(h3 Mpc#3)

0.5.............................................
0.7.............................................
0.9.............................................
1.1.............................................

(7.37 ' 0.95) ; 10
(5.76 ' 0.68) ; 10#3
(3.83 ' 0.58) ; 10#3
(3.70 ' 0.49) ; 10#3

(h3 Mpc#3)

$

(h3 Mpc#3)

$

detail in Chapter 2) (see Figure 1.13). Cirasuolo
et al. [2010]
found the evolution
of
#3
#3
#4
(2.82 ' 0.59) ; 10
(2.32 ' 0.43) ; 10#3
(1.19 ' 0.27) ; 10#3
(8.47 ' 2.16) ; 10#4

(9.22 ' 3.38) ; 10
(7.18 ' 2.37) ; 10#4
(2.97 ' 1.37) ; 10#4
(1.86 ' 0.98) ; 10#4

the luminosity function to be best described by a combination of both luminosity and
density evolution. This results in a diﬀerential evolution of galaxy number density,
dependent on galaxy luminosity, with the most luminous galaxies evolving less than
the fainter counterparts. This opposed the result found by Drory et al. [2004]. The
diﬀerence in the results found could be down to the small number statistics of Drory
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A. Fontana et al.: GOODS-MUSIC: the Galaxy mass function

Fig. 4. Galaxy stellar Mass Functions in the GOODS-MUSIC sample, in diﬀerent redshift ranges. Big circles represent the Galaxy Stellar Mass
Functions of the Ks-selected sample, computed with the 1/Vmax formalism up to the appropriate completeness level, as described in the text, while
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et al. [2004] in the high mass high redshift subsample due to rarity of extremely massive
systems at high redshift. The high redshift high mass data points most likely contain
large errors. There is also likely large errors on the low mass data points at high redshift
due to the incompleteness of the Drory et al. [2004] survey at these galaxy masses.
All of these points highlight the eﬀect, coined by Cowie et al. [1996], of downsizing. That is, star-formation activity changes as a function of mass with redshift. At
high-redshift the massive galaxies dominate the star-formation rate density and this
domination migrates down the mass scale with decreasing redshift i.e. the massive
galaxies shut oﬀ their star-formation first.

1.5

The Nature of Near-IR Selected Galaxies at z > 1

As a population of extremely red objects (EROs) at high-redshift was unveiled, various
groups started to study the characteristics of these systems. These EROs were spatially
extended on the sky, so it was concluded that they were almost definitely galaxies
rather than red stars. Roche et al. [2002] investigated the clustering of z ∼ 1 EROs

with a sample of K < 20(Vega) galaxies. It was seen that the angular correlation
function, ω(θ), for EROs is approximately an order of magnitude higher than that
of the whole K < 20 sample. This was consistent with results from Daddi et al.
[2000a] and Firth et al. [2002]. It was believed that this newly discovered population
of EROs were either a population of galaxies with old stellar populations and/or with
dust reddening [Hu and Ridgway, 1994]. It was also a possibility that they could be
described by a population of star-forming galaxies at z ∼ 2.5 with the bright K-band
magnitude attributed to a strong Hα line. However, it was thought unlikely to find a

large population of luminous star-forming galaxies existed at z ∼ 2.5 that had not been

previously picked by searches for Lyman-α. More information about the galaxy’s SEDs
would be required to distinguish between the diﬀerent interpretations.
Graham and Dey [1996] acquired infrared spectroscopy of and studied in detail
HR10, one the reddest EROs discovered by Hu and Ridgway [1994]. Assuming that
HR10 was a passively evolving galaxy Hu and Ridgway [1994] estimated it to be an
extremely luminous, ∼ 10L� , galaxy at z ∼ 2.4. The infrared spectroscopy acquired by
Graham and Dey [1996] showed a high equivalent width emission line at λ = 1.6µm
16
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REDSHIFT OF AN EXTREMELY RED OBJECT
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sequence stars. Through fits to the stellar atmosphere models of Kurucz [1992] Dunlop
et al. [1996] estimated the age of the galaxy to be 3.5Gyrs. This age was consistent
with age estimates from fits to various stellar synthesis models. The strength of the UV
spectral breaks, which are independent of dust reddening, also indicate an age of >3.5
Gyrs, confirming this to be an observation of a high-redshift red and old galaxy. An age
of 3.5 Gyrs is close to the age of the Universe at this redshift in an Einstein-de Sitter
cosmology, and puts the formation redshift far higher than that inferred from data on
field galaxies [Cowie et al., 1995].

1.5.1

Dusty Starbursts or Passively Evolving?

From the end of the 1990s various research groups focused their time on working towards understanding how the ERO population at high-redshift was divided between
passively evolving and dusty starburst galaxies. The first attempts to model dust more
realistically than simple foreground extinction was Cimatti et al. [1997], who focused
on spheroidal galaxies. Cimatti et al. [1997] constructed three models; one representing
a dust disc, one representing the stars being embedded within dust, and one that takes
into account the gravitational potentials of stellar objects for a more realistic dust distribution. For a test bed these models were applied to the ERO HR10. It was confirmed
that HR10 is a dusty starburst galaxy. Only a model of stars embedded in dust with an
extinction of Av = 1.65 was found to provide an acceptable fit to the data (see Figure
1.15) supporting the results of Graham and Dey [1996].
This work lead Cimatti et al. [1998] to acquire 850µm data from the James Clerk
Maxwell Telescope (JCMT) and 1250µm data from the Institut de Radioastronomie Millimetrique (IRAM) for HR10. The object was detected in both bands and synchrotron
radiation emission was ruled out as the source of the emission using the constraints from
radio observations [Graham and Dey 1996, Jones et al. 1997]. It was concluded that
the source of the flux in these bands was from thermal dust emission which corresponds
to an inferred star-formation rate (SFR) of 570 − 2250 M⊙ yr−1 , far larger than local

ultra-luminous infrared galaxies (ULIRGs). At the time, this was a surprising result for
researchers of global star-formation history (SFH) which, until then, had been investigated via rest-frame ultraviolet (UV) emission. The problem was highlighted by the fact
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Figure 1.15: The rest-frame UV-optical SED of HR10 (data points from Graham and Dey
[1996]). The 3 curves are synthetic stellar spectra extincted by diﬀerent dust models Cimatti
et al. [1997]. Model B represents a spherical dust cloud of constant density encasing the stellar
population whereas in Model C the dust density follows the same radial distribution as the
stellar population.

the SFR of HR10 derived from the UV is ∼ 1M⊙ yr−1 , and from Hα ∼ 80M⊙ yr−1 , both

of which are at least an order of magnitude below that inferred from the far infrared
(FIR). This illustrates the importance of multi-wavelength observations in gaining a full
census of the star-formation rate density as a function of redshift. Figure 1.16 is an
example of the impact sub-mm observations had on the study into star-formation rate
density at high-redshift.
Pozzetti and Mannucci [2000] made the first attempt to use photometric colours to
split the high-redshift population of EROs into old quiescent, and dusty star-forming
galaxies. Using the fact that old galaxies have a strong 4000Å break, which is shortward
of the J-band (1.2µm) for galaxies at 1 < z < 2, whereas dusty star-forming galaxies
20
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Figure 1.16: The global star-formation history of the universe including the information from
SCUBA galaxies [Hughes et al., 1998]. The points labelled CFRS are from the Canada-France
Redshift Survey of Lilly et al. [1996], the optical HDF data points are from Madau et al.
[1996]. The local data was inferred from local emission-line galaxies from Gallego et al. [1995].
The shaded region shows the prediction (assuming h = 0.65) due to Pei and Fall [1995] who
argued using the observed column densities in QSO absorbers, plus the low metallicities in
these systems, that the star-formation rate must have peaked between z = 1 and z = 2. The
solid line illustrates what would happen if the star-formation rate tracked the total output of
radio-loud AGN [Dunlop, 1998].
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GOODS Field, Daddi et al. [2004a] defined! another
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called BzK selection technique) to select starburst and passive galaxies in the redshift
interval 1.4 < z < 2.5. The selection criteria is based on the fact that old galaxies will
sit in the top right corner of the BzK colour plot because they have red continuum,
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is defined as BzK < −0.2 and z − K > 2.5 where BzK = (z − K) − (B − z). All

photometric magnitudes here are based on the AB system. The BzK selection criteria
are presented in Figure 1.19.
By comparing the multi-wavelength data available for HR10 (a dusty star-burst),
LBDS 53W091 and LBDS 53W069 (both old galaxies) Stern et al. [2006] showed that
the SEDs are basically indistinguishable using photometry blueward of 10µm in the restframe. Moreover, from SED fits Stern et al. [2006] found all 3 galaxies to be massive,
3 − 6 × 1011 M⊙ , and a few Gyrs in age. However, HR10, the only dusty starburst of the
three, is the only one to be detected in 24µm. Stern et al. [2006] therefore concluded
that you need either longer wavelength photometry or deep spectroscopy to distinguish
between old passively evolving, and dusty star-forming EROs.
Yan et al. [2004] went on to use Spitzer 24µm data along with R- and K-band
imaging in the ELAIS N1 field of the Spitzer First Look Survey (FLS) to put constraints
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on the dusty star-forming to passively evolving galaxy fraction at z = 1 − 2. Down to a

limit of Ks < 20.2(Vega), Yan et al. [2004] found that 50%±6% of the EROs have 24µm
detections. Similar to Cimatti et al. [1998] they also find that a significant fraction of
the ERO population are LIRGs or ULIRGs. Using a starburst timescale derived from
local LIRGs and ULIRGs, ∼ 108 yr, the mass of the 24µm detected sources are in the
range (5 × 109 ) − (2 × 1010 )M⊙ . Yan et al. [2004] suggest that, within the hierarchical
galaxy formation paradigm, these observations explore the massive galaxy population

going through a transitional period of merger driven star-formation, with the passive
EROs representing the sub-sample that have already completed the transition (an idea
first proposed by Kormendy and Sanders [1992]).
With the use of multi-wavelength data and a deep radio map from the Very Large
Array (VLA) Smail et al. [2002] investigated the characteristic of EROs at z ∼ 1. Smail

et al. [2002] selected their EROs as galaxies that are brighter than K = 20.5(Vega)
and have R − K > 5.3(Vega), based on the definition from Pozzetti and Mannucci

[2000]. This gave Smail et al. [2002] a sample of 68 EROs. They make the point
that using the alternative definition from Pozzetti and Mannucci [2000], I − K > 4,
yields an ERO sample of 99 objects. Twenty-one of the 68 (31%) objects in the ERO

sample have detected radio emission above a 3σ limit of 12.6 µJy. The median K-band
magnitude of the radio detected and undetected are nearly identical at K = 19.66 ± 0.2

and K = 19.66 ± 0.09 respectively. The brightest ERO in the radio detected sample has
a flux of 200µJy, therefore they concluded that the upper limit of the radio luminous
AGN within the ERO sample is 2%.
Additionally, Smail et al. [2002] searched for counterparts of their ERO sample in
49.4ks XMM-Newton/EPIC X-ray image. None were found down to an unabsorbed
X-ray emission limit of 4 × 1015 ergs s−1 cm

−2

in the 2-10 KeV band. Moreover, using

the K-band imaging Smail et al. [2002] morphologically classified 30 galaxies of the
ERO sample, 11 of the radio detected subsample and 19 of the radio undetected subsample. The sample was classified simply in to one of three groups; compact/regular,
disky/disturbed or too faint to classify. In the radio detected subsample the population split was 0%:82%:18% whereas in the radio undetected subsample the split was
29%:29%:42%. The split for the whole ERO sample is 18%:50%:32%. The radio de-
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tected sample have a higher fraction of irregular galaxies and the largest portion of the
radio undetected sample are compact. Smail et al. [2002] used the photometric redshift
code HYPERZ [Bolzonella et al., 2000] to fit the ERO population, classifying the resulting SED fits as either dusty starburst or evolved. They estimate that 20-45% of the
radio undetected sample are dusty starbursts and conclude that 30 − 60% of the whole
ERO sample are dusty starbursts with a median photometric redshift of z = 1.0 ± 0.3.
Smail et al. [2002] also concluded that half of the radio detected sources are ULIRGs
and >16% of the ERO population brighter than K > 20.5 are LIRGs.
All the attempts over the last decade to constrain the ratio of EROs between passive evolving and dusty star-forming galaxies at high-redshift have indicated a ratio of
approximately 1:1 for galaxies z > 1, depending of sample selection (see Section 5.8 for
a selection of these results).
Once the dusty/passive fraction has been determined, it is possible to investigate
what contribution EROs make to the cosmic star formation history. This is an important
issue as many techniques to select star-forming rely on looking for UV emission which
is absorbed in these dusty galaxies.
The separation of the diﬀerent galaxy populations by diﬀerent search techniques in
a star-formation rate-extinction plane is illustrated in Figure 1.20 from Mannucci et al.
[2002]. By assuming that the burst of star-formation in z > 1 dusty EROs occurred
between z = 1−1.5, and using a cosmological parameter suite of H0 = 70 kms−2 Mpc−1 ,
Ωm = 0.3 and ΩΛ = 0.7 Mannucci et al. [2002] roughly estimated the star-formation
density of dusty EROs as 0.03 M⊙ yr−1 Mpc−3 . This is similar to that found for Lyman
Break galaxies at higher redshift (e.g. Steidel et al. 1999).

1.5.2

The Size-Mass Relation at High-redshift

There is evidence that these massive galaxies at z > 1 have diﬀerent physical properties
to their local counterparts. Over the last half decade there has been a significant
debate over the size evolution of early-type galaxies (ETGs) since small eﬀective radii
at high-redshift were first noted by Daddi et al. [2005b]. Shen et al. [2003] presented
the local stellar mass-size relation using the SDSS data and found that radii increased
with luminosity and stellar mass for both early and late type galaxies. The local ETGs
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Figure 1.20: A star-formation rate-extinction plane from Mannucci et al. [2002] showing the
regions that can selected by various search techniques. Submm studies select galaxies with
any extinction but only high star-formation rates. Lyman break galaxies must have E(B −

V ) � 0.3 but can have any SFR. The ERO technique covers E(B − V ) > 0.3 and down to
SF R ∼ 20M⊙ yr−1 . The edges are only indicative as they depend on telescope and instrument,
the integration time, dust temperature and redshift. These method are based on continuum
detections not emission lines.

showed a steeper relation than of the late types, indicating that size was not just a
function of mass but that mass assembly history must also play a role (see Figures 1.21
and 1.22).
Figure 1.23 shows how the 10 most massive galaxies in the MUNICS survey from
Trujillo et al. [2006a] sit below the local size-mass relation (solid black line). Over the
last few years many other studies [e.g. Trujillo et al. 2006a, Trujillo et al. 2006b, Trujillo
et al. 2007, Longhetti et al. 2007, McGrath et al. 2008, Buitrago et al. 2008] have also
found ETGs at high-redshift to have smaller eﬀective radii than similar mass galaxies
in the local Universe. As a consequence, it appears that there must be processes in
place that increase the size of ETGs from z ∼ 1.5 to z = 0 without considerably
increasing their mass. However, these processes (or possibly just process) are far from
being understood.
Some authors believe that the observed eﬀect is due to errors in radii estimation
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Figure 1.21: The top panel shows the relation between r-band absolute Sérsic magnitude for
early- (squares) and late- (triangle) type galaxies in the local SDSS data. Galaxies are classified
in relation to their Sérsic index n, n > 2.5 for early-types and n < 2.5 for late-types. The lower
panel shows the scatter on InR for the whole sample as a function of r-band absolute Sérsic
magnitude [Shen et al., 2003].

from the possible presence of central nuclear activity that aﬀects the profile fits, or due
to a strong morphological K-correction (e.g. Daddi et al. 2005b). Errors could also
occur in the stellar-mass estimation at high-redshift which relies upon estimates from
photometric fits (e.g. Tonini et al. 2010). It is clear that spectra have an important
role to play in confirming if the stellar-mass estimates are inaccurate, with the added
possibility of determining a dynamical mass that is not dependent on particular stellar
population models. Other authors present astrophysical reasons for the evolution, with
ideas ranging from the removal of cold gas from the central regions of the galaxy resulting
in a redistributed stellar population [Fan et al., 2008], to the accretion of weakly bound
stellar material (minor mergers) [Naab et al., 2009]. The two diﬀering ideas from Fan
et al. [2008] and Naab et al. [2009] can be tested with velocity dispersion measurements
of high-redshift ellipticals. Both physical processes account for the size evolution, but
the evolution of the velocity dispersion for these two scenarios is very diﬀerent. The
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Extremely compact massive galaxies at z ∼ 1.4

L39

Table 1. Main physical parameters of the 10 early-type galaxies. Note: the sizes of galaxies marked with an asterisk were obtained in the shallow MUNICS
images.
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Figure 2. Distribution of rest-frame optical sizes versus stellar mass for massive MUNICS galaxies. The left-hand panel shows the distribution of galaxies
with sizes estimated in the V-band local rest frame. The right-hand panel shows the distribution of galaxies with sizes estimated in the I-band local rest frame.
Figure 1.23: The stellar mass-size relation in rest-frame V and I-bands from Trujillo et al.
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fact, two of their four objects were detected in X-rays. However,
wards smaller objects. In fact, equally bright objects with sizes four
the AGN hypothesis is unlikely to explain our observations. Only
times larger could be observed, and their sizes measured accurately
one of our galaxies (S2F1 443) is detected in a deep XMM–Newton
if they were in our sample (see Fig. 1). When considering all the
pointing of the S2 fields (Severgnini et al. 2005), having L 2–10 keV �
galaxies together, the possibility that they are all small by chance is
rejected at the 4σ level.
1043 erg s−1 , and the spectral energy distributions of our
29 objects lack
AGN features. Consequently, if AGNs are present in the rest of our
galaxies, their luminosities should be much fainter than 1043 erg s−1
5 DISCUSSION
or, alternatively, they must be heavily obscured (contributing very
As stated in the Introduction, it is possible to find in previous works
weakly to the stellar continuum). The quality of our data prevents
some examples of significantly small massive galaxies at z � 1.
us from providing a reliable point-like + Sérsic fit analysis of the
Daddi et al. (2005) have been the first to discuss in detail the nature
surface brightness distributions (as done by Daddi et al. 2005). Howof these objects. In addition to the four Daddi et al. objects, there is
ever, an argument against the biasing of our size estimates resulting
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idea of the redistribution of stellar mass from Fan et al. [2008] should see the central
velocity dispersion decrease by a factor of ∼ 2 compared to equivalent present-day
massive galaxies, whereas the minor merging process suggested by Naab et al. [2009]
would only show a decrease of at most 20-30% since z ∼ 2 [Hopkins et al., 2009].

Cappellari et al. [2009] estimated the velocity dispersion for two of the high signal-

to-noise individual spectra from the GMASS survey (see Section 1.6.3), and the stack
of 13 passive galaxies selected from the GMASS sample [Cimatti et al., 2008]. A near
one-to-one between stellar and dynamical mass is found. The velocity dispersion of
these galaxies is found to be in agreement with local ETGs.
More recent studies are now finding more normal ETGs, that sit on the local sizemass relation, at high-redshift [Saracco et al. 2009, Mancini et al. 2010] leading to the
conclusion that not all high-redshift ETGs undergo dramatic size evolution. Saracco
et al. [2009] showed that a sample of 32 ETGs, selected from HST-NICMOS (Near
Infrared Camera and Multi-Object Spectrometer) data, could be split into two distinct
populations: ETGs with old, evolved stellar populations (oETGs) and ETGs with a
younger stellar population (yETGs). It was shown that pure luminosity evolution could
map the yETG sample at z ∼ 1.5 to the local luminosity-size relation from Shen et al.

[2003], but the oETGs sit below the local relation. The oETGs follow a relation with
the same slope as the local relation but with radii a factor of 2.6 ± 0.5 smaller for an

equivalent stellar-masses. Saracco et al. [2009] calculated that if the stellar-masses were
overestimated by a factor of two, the radii would still be a factor of 1.7 below the local
relation and to bring the galaxies onto the local relation their stellar mass would have
to be overestimated by a factor of six, which can not be accounted for by model choice.
After dividing a sample of forty-one 2 < z < 3.5 galaxies from the FIRES MS 1054
field into passive and star-forming Toft et al. [2007] found that even though both subsamples have radii smaller than their local mass counterparts, the star-forming galaxies
were only, on average, a factor of ∼ 2 smaller, whereas the passive subsample were
a factor of ∼ 5 smaller. This gives evidence for a link between the size of a galaxy
and its star-formation activity. Evidence of this had previously been noted by Zirm

et al. [2007], who had found z ∼ 2.5 star-forming galaxies to sit on the local size-mass
relation, whereas their quiescent companions sat below it (see Figure 1.24).
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et al. [2010a] found that a significant fraction, 22%, of the mass range 3 × 1010 ≤

M� /M⊙ ≤ 4 × 1011 of the local cluster massive galaxy population are as dense as the
the compact high-redshift galaxies mentioned above. Valentinuzzi et al. [2010a] also
finds that galaxies with older stellar populations have, on average, a lower eﬀective
radius. They conclude when this age factor is taken into account no size evolution is
needed from z = 0 − 2.

Similarly using the ESO Distant Clusters Survey (EDisCS) Valentinuzzi et al. [2010b]

found that 41% of distant cluster galaxies with M� ∼ 4 × 1010 M⊙ are superdense galaxies with similar properties to those found in the WINGS survey. They found the median
size of cluster galaxies at z ∼ 0.7 are only 1.18 times smaller than the local median,
concluding very modest size evolution over this epoch.

In terms of number density, based on 34 ETGs with 0.9 < zspec < 1.92 from GOODSSouth data, Saracco et al. [2010] found that the population of compact ETGs at highredshift does not diﬀer from that in the local Universe.
More recently with the use of Keck spectroscopy Newman et al. [2010] investigated
the size evolution with respect to the velocity dispersion and dynamical mass of 17
morphologically-selected field spheroidals at 1 < z < 1.6. Newman et al. [2010] found
very little size evolution over the lookback time of ∼ 9.5 Gyrs from z = 0 − 1.6. For the

highest mass galaxies, log(Mdyn /M⊙ ) > 11, they found a required size evolution of ∼ 2
and much less evolution for the less massive galaxies. If the massive compact galaxies

seen at z > 2 [e.g. van Dokkum et al. 2008] are progenitors to these galaxies at z ∼ 1.5
then very rapid size growth is required.

It is clear that the evolutionary path of ellipticals galaxies from z ∼ 1 to z = 0 is

still far from being resolved and is a very interesting area of galaxy evolution research
that needs to be tackled if galaxy mass assembly is going to be fully understood.

1.6

Spectroscopic Observations of Near-IR Selected Galaxies at z > 1

The early examples of spectroscopy of K-band selected galaxies, discussed in Section
1.5, showed how important spectroscopy was towards gaining a thorough understand-
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ing of the entire high-redshift Universe. The first spectroscopic survey of moderate size,
down to a magnitude of K = 20(Vega) was completed by Cowie et al. [1996]. Cowie
et al. [1996] obtained spectra for 393 objects over two Hawaii Deep Survey fields, covering an area of 26 arcmin2 . Through the use of the [OII] emission line and rest-frame UV
luminosity (extrapolated from the K-band) they concluded that as you move to higher
redshifts, massive galaxies have higher star-formation rates than their lower mass counterparts. This was the first piece of evidence of the downsizing eﬀect discussed in Section
1.4. This diﬀerential evolution results in little change of characteristic luminosities of
the K- and B-band luminosity functions, K � and B � , from z = 1 to z = 0.
Cohen et al. [1999a] targeted 195 K < 20(Vega) objects over a 14.6 arcmin2 field.
The objects spanned a redshift range of 0.173 < z < 1.44 with a median redshift of 0.58.
The galaxies were split into 4 categories; emission (E), composite (C), absorption (A)
and AGN (Q) as defined in Cohen et al. [1999b] (see Figure 1.25 for example of spectra
from diﬀerent classes). Class B is for extreme starburst galaxies but was incorporated
into the E category. Cohen et al. [1999b] discovered that members of the same group
had very similar SEDs i.e. the emission group (E) had blue UV and IR colours whereas
the absorption group (A) had redder colours. This shows why photometric redshifts
for samples with high quality photometry work well out to z = 1. The "absorption"
galaxies were found to be more luminous in the IR than the "emission" galaxies.
Following on from these early spectroscopic studies of K-band selected galaxies,
several larger-scale spectroscopic surveys have been conducted over the last decade. In
the next three sections these campaigns are discussed.

1.6.1

The K20 Survey

The K20 Survey [Cimatti et al., 2003] was the first large K-band selected spectroscopic
survey and was designed to investigate galaxy evolution in the range 0.5 < z < 1.5.
The targets were selected solely using a cut in K-band magnitude, K < 20(Vega),
without any redshift prerequisites and spectra were obtained with FOcal Reducer and
low dispersion Spectrographs 1 and 2 (FORS1 and FORS2) on the Very Large Telescope
(VLT) as an ESO Large Programme. The K-Band was used for selection as it selects
galaxies by mass up to z ∼ 2. The K < 20(Vega) limit is equivalent to mass limits of
33
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FIG. 2.ÈRepresentative spectra of each of the Ðve spectral classes assigned to extragalactic objects are shown. The spectrum of the second brightest AGN
and the second brightest starburst galaxy is shown, while the Ðfth brightest galaxy in R is shown for each of the other three spectral classes. The spectrum of a

Figure
1.25:
Examples
of the galaxy classes defined by Cohen et al. [1999b]. E is for emission
high-z ““ C ÏÏ galaxy
is also
shown.

line galaxies, B is an extreme starburst galaxy, A is an absorption line galaxy, C is a composite
galaxy, defined as intermediate between the emission and absorption classes and Q is an AGN.
The spectrum of a high-redshift C galaxy is also shown.
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Figure 1.26: The spectroscopic redshift distribution of the K20 survey constructed with data
from Cimatti et al. [2003]. The spectroscopic completeness for the complete sample was 87%.

� 1 × 1010 M⊙ and � 4 × 1010 M⊙ at redshifts z = 0.5 and z = 1.0 respectively.

The project had two target fields, a sub-field of the Chandra Deep Field South (32.2

arcmin2 ) and a field centred on the QSO 0055-269 at z = 3.6 (19.8 arcmin2 ), giving a
total area of 52 arcmin2 . The spectra had integration times between 15 minutes and 8
hours, depending on the brightness of the sources and the survey was conducted on 17
nights over the 2 year period 1999-2000. The simple K-band cut produced 546 objects
in the redshift range of 0.05 < z < 2.75, with a median redshift of <z>∼ 0.75, which is
below the redshift of the main ERO population. Their spectroscopic completeness was
94%, 92% and 87% at K < 19.0, 19.5 and 20.0 respectively. Excluding broad-line AGN
and stars the survey obtained 480 spectra with 417 spectroscopic redshifts (see Figure
1.26).
Using data from the K20 survey Cimatti et al. [2002a], examined the ERO popula-
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tion at z ∼ 1. For the K < 19.2(Vega) sample Cimatti et al. [2002a] found the surface

density of EROs to be 0.88 ± 0.13 arcmin−2 , which is a factor of 4 and 10 below that
estimate by the hierarchical merging models of Firth et al. [2002] and Smith et al. [2001]

respectively. The ratio of old EROs to dusty star-forming EROs was estimated at approximately 1:1. Including errors, Cimatti et al. [2002a] estimated the surface density of
old EROs to be 0.27 − 0.55 arcmin−2 , which agrees with the pure luminosity evolution

models of Daddi et al. [2000b] which assume τ = 0.3Gyr and a minimum formation redshift of zf = 2.2. Using the [OII] emission line and rest-frame UV continuum, Cimatti
et al. [2002a] estimated that dusty star-forming EROs make up � 20% to the global
star-formation rate density of the universe at z ∼ 1.

Pozzetti et al. [2003] found little evolution in the rest-frame J- and K-band lumi-

nosity function out to z ∼ 1.5 and that red, early-type galaxies dominate the bright end

at z ∼ 0.5 and z ∼ 1.0. Therefore Cimatti et al. [2002a] indicates that old and massive elliptical galaxies were already in place at z ∼ 1 and, therefore, they should have
formed their stars and assembled their mass at higher redshift. This was in contrast

to the hierarchical merging paradigm where massive galaxies do not appear until lower
redshifts.
Fontana et al. [2004] used the the K20 survey to study the GSMF as a function
of redshift. Fontana et al. [2004] found there to be only small evolution of the GSMF
and of the corresponding global stellar mass density out to z ≈ 1. It was found that

the evolution of objects around the local characteristic mass (∼ 1011 M⊙ ) was complete
by z ∼ 1. An evolution in the nature of massive galaxies was also observed; at low
redshift (z � 0.7) all the massive galaxies are either early-type or early-type with

emission galaxies but as redshift increases a larger portion of the massive galaxies are
star-forming galaxies.
Moreover, Fontana et al. [2004] found that the M� /LR (where LR is the rest-frame Rband luminosity) is significantly larger for bright objects at low and intermediate redshift
than it is for fainter sources. This implies a short time-scale and/or high formation
redshift for the most massive systems and that the lower mass galaxies continue starformation into later times. This, again, highlights the so-called downsizing eﬀect.
Finally, using both ground based and HST imaging of the K20 survey, Cassata et al.
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[2005] and di Serego Alighieri et al. [2005] found some evidence that the distribution
of the eﬀective radii of early-type galaxies was shifted to smaller sizes at high-redshift
compared to the local distribution.

1.6.2

The Gemini Deep Deep Survey (GDDS)

The Gemini Deep Deep Survey (GDDS) [Abraham et al., 2004] was the next large
spectroscopic survey to follow the K20 Survey and was designed to delve further into
the redshift range 0.8 < z < 1.8. The GDDS team selected galaxies using a slightly
deeper cut in the K-band, K < 20.6(Vega), a colour cut, I − K > 3.5(Vega), to ensure

the targets were EROs, and a redshift prerequisite of zphoto > 0.8. This makes the GDDS
diﬀerent from the K20 Survey since as well as a cut in the K-band magnitude it also
invokes a photometric colour criteria. The survey was performed over four pointings of
the Gemini Multi-Object Spectrograph (GMOS) on Gemini North (centred on SSA22,
NOAODW-Cetus, NTT-Deep and LCIR 1511), adding up to over twice the area of the
K20 survey. The exposure time between the fields varied from 5 to 25 hrs.
The data were taken between August 2002 and August 2003, and used a mask design
algorithm weighted towards selecting targets that had photometry typical of passively
evolving luminous red galaxies in the redshift range 0.8 < z < 1.8. This meant that the
GDDS observations sampled one in two galaxies with 22 < I < 24.5 and 3 < I − K < 5,
but only one in seven of the remaining population (K < 20.6, 0.8 < z < 1.8). The

survey had a mean redshift of <z>∼ 1.2 and a spectroscopic completeness of 100% for
I < 22 and 79% for the entire sample. In total the GDDS acquired 225 secure redshifts
with 167 in the redshift range 0.8 < z < 2.0. The redshift distribution for the survey
can be seen in Figure 1.27
To put age constraints on the old high-redshift population McCarthy et al. [2004]
took the 20 galaxies at z > 1.3 that showed signs of an old stellar population from
the GDDS and fitted their spectra and B through K photometry to synthetic stellar
population models. Each galaxy was best fitted by either an instantaneous burst model
or one with a short e-folding time. McCarthy et al. [2004] found the median z, age, zf
and mass of these objects to be 1.49, 1.5 Gyr, 2.5 and 1 × 1011 M⊙ respectively. The
short e-folding times would imply a period of intense star-formation, 300-500 M⊙ yr−1 .
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Fig. 16.—Master summary of the GDDS. This histogram illustrates the redshift distribution of our sample as a function of confidence class and spectral type. Bar
colors indicate confidence in the redshifts, keyed to the system defined in Table 2. Individual objects are labeled in each histogram and sorted by spectral class. Label
Figure
redshift distribution of the Gemini Deep Deep Survey (GDDS).
colors 1.27:
are keyed toThe
spectralspectroscopic
class.

Bar colours indicate confidence in the redshifts, with 0 being the high confidence and a contamination free spectrum and confidence lowering and contamination increase with increasing
number. Individual objects are labeled. An explanation of the class system can be found in
Section 7.1.1.

From the mass and star-formation rates of these objects it was concluded that they are
not related to the Lyman Break Galaxy (LBG) population at z ∼ 3 − 4.

With the use of fifty-six 0.4 < z < 1.0 star-forming galaxies Savaglio et al. [2005]

detected a 6σ significant correlation between stellar mass and metallicity. The massmetallicity (M − Z) relation is displaced from the z ∼ 0.1 relation from SDSS data

[Tremonti et al., 2004] towards either higher stellar masses or lower metallicities. For
Fig. 17.—The three GDDS template composite spectra used for redshift comparison. These were constructed internally from our sample from galaxies covering a
a fixed
metallicity,
galaxies
higher
redshift
are resolution
moreandmassive
local
counare normalized than
to unity at their
4200 8, they
are offset
range 0.6
< z < 2 with high confidence
redshifts.at
The templates
are plotted
at 3.5 8 pixel
!1

vertically in the plot for clarity. Some of the more common features are marked. Only the UV portion of the templates is shown.

terparts. The evolution in the M − Z relation
appeared stronger in low mass systems,
2475

indicating they were still under construction. Again, this result provided more evidence
for the downsizing eﬀect.
The Hδ Lick index gives information about recent star-formation within a galaxy.
The Hδ index is only large when the stellar population is dominated by A type stars
which only occurs in galaxies of an intermediate age. Using this information, along
with the 4000Å break (D4000) as a tracer of a galaxy’s age, Le Borgne et al. [2006]
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studied the star-formtion history of massive galaxies at z ∼ 1 using the GDDS sample.
Le Borgne et al. [2006] concluded that the z ∼ 1 galaxies with a small Hδ index and

large D4000 experienced their last episode of star-formation at z ≥ 1.8 and that the
majority of their stars were in place before that. Given the large mass of these systems

(> 1010.2 M⊙ ) Le Borgne et al. [2006] implied that these systems must have gone through
an intense period of star-formation at z ≥ 2 matching the result found by McCarthy
et al. [2004].

Using the GDDS sample Abraham et al. [2007] found that the fraction of the stellar
mass density made up of massive system increased over the redshift range 0.8 < z < 1.7
and by z ∼ 0.8 the fraction of the global mass density within massive early-type systems

was up to 80%, close to the local value. Abraham et al. [2007] therefore concluded that
in this redshift range we are witnessing early-type galaxies becoming the dominant
members of the high-mass end of the galaxy population.

1.6.3

The Galaxy Mass Assembly Ultra Deep Spectroscopic Survey (GMASS)

An enhancement of the K20 survey was the Galaxy Mass Assembly Ultra Deep Spectroscopic Survey (GMASS) [Kurk et al., 2009], whose aim was to probe massive galaxies
in the range 1 < z < 3. The field of study was one FORS2 mask in the GOODS
South field. The parent GMASS sample, from which the spectroscopic targets were to
be selected consisted of 1277 objects detected in the IRAC Spitzer 4.5µm image with
m4.5 < 23.0(AB). The 4.5µm-band traces the rest frame 1 − 2µm out to z ∼ 3, which

helps to select by mass more reliably than K-band imaging. The spectroscopic targets
were selected from the parent sample with the additional constraints of zphot > 1.4,
B < 26(AB) and I < 26(AB). This gave 174 targets, which were split into a further
2 samples: blue (B < 26.5), to be observed with the 300V grism, and red (I < 26.0),
to be observed with the 300I grism. The blue sample had exposure time between 12-15
hours while the red sample had exposure times between 15-30 hours. The GMASS team
achieved an 85% robust redshift completeness.
Cimatti et al. [2008] extracted a sample of high-redshift passive galaxies using the
M gU V feature [Daddi et al., 2005b] in combination with the rest-frame UV slope. This
formed a sample of 13 passive high-redshift galaxies in the redshift range 1.39 < z < 1.99
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with a mean redshift of z = 1.6. Cimatti et al. [2008] fitted the 13 galaxies with three
diﬀerent sets of SED models, Bruzual and Charlot [2003], Maraston [2005a] and Charlot
& Bruzual 2007 (private communication) (the Maraston [2005a] and Charlot & Bruzual
2007 models include the eﬀect of TP-AGB stars), and found a consistent mean age of
the dominant stellar population with all models of ∼ 1.5 Gyrs which puts the peak
formation redshift at z ≈ 2 − 3. The mean stellar mass returned by the models was

also consistent at ∼ 5 × 1010 M⊙ . Cimatti et al. [2008] made a template passive galaxy
spectrum by average combining the 13 galaxies in the sample which equates to a 480hr

exposure time composite which can be seen in Figure 1.28. With HST+ACS (Advanced
Camera for Surveys) data the majority of the objects in the sample were morphologically
classified as ETGs. The majority of the objects were found to have Re < 1.5 kpc and
sit below the local size-mass relation making them more compact than the local massive
galaxies.
Cassata et al. [2008] studied the stellar mass versus (U −V ) rest-frame colour relation

for 1021 galaxies in the GMASS sample out to redshift z > 2. It is found that the
classical bimodality between red and blue galaxies is held out to z = 2. The red
sequence at all redshifts was found to contain early- and late-type galaxies with the
fraction of late-type galaxies increasing with redshift. They witnessed red galaxies with
stellar mass > 1.25 × 1010 at z > 2, 25% of which are passively evolving with ages > 0.5
Gyrs giving formation epoch of z > 3.

1.7

The UKIRT Infrared Deep Sky Surveys (UKIDSS) Ultra
Deep Survey (UDS) and UDSz

The latest large spectroscopic survey of K-band selected targets is a follow-up of the
Ultra-Deep Survey (UDS), UDSz. The Ultra-Deep Survey (UDS) is part of the UKIRT
Infrared Deep Sky Surveys (UKIDSS) being conducted with WFCAM on UKIRT and
is the top tier of a wedding cake structure consisting of five surveys. The UDS is the
deepest survey of the five and covers an area of 0.8deg2 (100 × 100 Mpc at z = 3).
Observations for the UDS began in September 2005 and the year one data release
(DR1) had already reached 5-σ depths of KAB = 23.5 and JAB = 23.7 making it the
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Figure 1.28: A composite passive galaxy spectrum from Cimatti et al. [2008] which was
constructed by average combining the spectra of 13 galaxies in the sample, which equated to
an exposure time 408 hrs

deepest near-infrared survey over such a large area. The current data release (DR8)
reaches 5σ limits of J = 25.0, H = 24.3 and K = 24.9 and is supported by a wide range
of multi-wavelength photometric data (see Section 2.1 for full details). This makes it
the perfect target field for the next chapter of NIR selected spectroscopic studies. The
work in this thesis is centred around the spectroscopic data acquired through the UDSz
project. For full details on the UDS and a full description of the UDSz project please
see Chapter 2.
Through the thesis a cosmology of H0 = 70km−1 Mpc−1 , Ωm = 0.3 and ΩΛ = 0.7 is
assumed and unless stated magnitudes are in the AB system.
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1.8

Summary and Goals of the Thesis

Optical surveys alone were missing large populations of red galaxies at high-redshift;
the advent of NIR detectors allowed for new understandings of the processes of galaxy
formation and evolution in extra-galactic astronomy. NIR surveys unveiled an entirely
new population of high-redshift, red objects, which were found to comprise of passively
evolving and dusty star-forming galaxies. These galaxies have been a useful means to
test ΛCDM cosmology as well as the accompanying semi-analtyical models of galaxy formation. The detection of massive high-redshift systems from deep K-band surveys has
required new theories in galaxy formation and evolution. The physical characteristics
of these massive systems have highlighted gaps in the astrophysics of galaxy evolution
with massive ETGs appearing to sit below the local size-mass relation at high redshift.
To help towards filling in some of the gaps in the understanding of galaxy evolution this
thesis will exploit a unique K-band selected spectroscopic data-set. The main goals of
the thesis are:
1. Using accurate stellar-mass estimates from spectrophotometric fitting of optical
spectra, plus multi-wavelength photometry, to investigate the size-mass relation
at 1.3 < z < 1.5. The relation will be studied as a function of stellar-mass, specific
star-formation rate and galaxy spectral type.
2. By utilising high quality spectroscopic data, velocity dispersions will be estimated
for the largest single sample of z > 1.3 galaxies to date. With radii from deep
K-band imaging the dynamical mass of this high redshift sample will be compared to what is observed locally. The dynamical masses will be used as a model
independent test of the size-mass relation problem.
3. With rest-frame UV flux measurements, [OII] emission line fluxes, and 24µm
detections, an estimate of the fraction of star-forming to passively evolving galaxies
for K-band bright objects at high redshift will be made. Also a passive fraction
for the ERO population will be calculated.
4. The known passivity of the spectroscopic sample will be used to test and optimise
current photometric selection techniques for dividing the high redshift K-band
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selected and ERO populations into passively evolving and star-forming galaxies.
The optimised systems along with the latest UDS catalog (DR8) will be used to
calculate the passive galaxy fraction for a range of depths in K-band magnitude.
5. Using the filter profiles from the new visible and infrared telescope VISTA and the
SEDs of the spectroscopic sample acquired during the fitting process, photometric
selection techniques will be developed for diﬀerent filter sets. The optimised selection techniques well be applied to the first catalog from the new VIDEO survey
to give an independent test of the estimated passive fraction.
6. Finally, the galaxy sample will be divided by stellar-mass, absolute K-band magnitude, SSFR and spectral type to study high signal-to-noise composite spectra
of these diﬀerent galaxy populations. These systems will be studied as a function of redshift and age (acquired from spectrophotometric fits). The evolution of
spectroscopic features will be investigated as a function of age, stellar mass and
specific star-formation rate.
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Chapter 2

A Large ESO Spectroscopic
Follow-up Programme in the
UDS
2.1

The UKIRT Infrared Deep Sky Survey - Ultra Deep
Survey

All the data used in this thesis is from the sky region covered by the UKIRT Infrared
Deep Sky Survey (UKIDSS Lawrence et al. [2007]) Ultra Deep Survey (UDS). The UDS
is the deepest of five UKIDSS surveys that form a wedding cake structure. It is centred
on RA=02:17:48, Dec=-05:05:57 (J2000), covers an area of 0.8deg2 and is the deepest
large area near-IR survey to date. The near-IR data used here is from the eighth data
release from the project (DR8) which has 5σ depths of J = 24.9, H = 24.3 and K = 23.6
in 2 arcsec-diameter apertures.

2.1.1

Accompanying Photometric Data

The UDS has a vast array of accompanying multi-wavelength data ranging from Xray to radio. The UDS is covered by the Subaru/XMM-Newton Deep Survey (SXDS),
a 1.3deg2 deep optical survey performed with Suprime-Cam [Miyazaki et al., 2002] on
Subaru. The SXDS data-set has provided broad-band photometry in the BV Ri� z � bands
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with 5σ depths of B = 27.6, V = 27.2, R = 27.0, i� = 27.0 and z � = 26.0, within a 2
arcsec-diameter aperture.
The UDS also has 850µm submm data from the Submillimetre Common-User Bolometer Array (SCUBA) as part of the SCUBA Half Degree Extragalactic Survey (SHADES)
Mortier et al. [2005],Coppin et al. [2006]. The other key dataset with regard to this
thesis is the Spitzer Public Legacy Survey of the UKIDSS Ultra Deep Survey (SpUDS).
This project provides deep InfraRed Array Camera (IRAC) images in all four bands
(3.6µm, 4.5µm, 5.8µm and 8µm) and also Multiband Imaging Photometer for Spitzer
(MIPS) 24µm data.
X-ray data in the UDS was obtained with the XMM-Newton satellite over 400ks exposures in seven contiguous fields to a depth of approximately a few 10−15 ergs
cm−2 s−1 . There is also deep 1.4 GHz radio data in the UDS from observations with the
Very Large Array (VLA) Simpson et al. [2006].
The coverage of all of this data is shown in Figures 2.1 and 2.2. Figure 2.1 shows the
data coverage within the UDS of the optical (Subaru), NIR (UKIRT), MidIR (Spitzer)
and submillimeter (SCUBA) data. A size comparison between the UDS and similar
but smaller area surveys Faint InfraRed Extragalactic Survey (FIRES) [Franx et al.,
2000] and GOODS [Fosbury et al. 2001,Dickinson et al. 2003] are also shown. Figure
2.2 shows the X-ray data coverage (blue dotted circles) over the coverage of the NIR
data (red square) and optical data (image cross).

2.2

UDSz - UDS Spectroscopic Follow Up

The primary motivation for a spectroscopic follow-up programme to accompany the
multi-wavelength data already available in the UDS field was to determine the relationship between environment and galaxy properties at z > 1, specifically the emergence of
the red-sequence, and to determine the build up of stellar-mass as a function of lookback time in order to directly test galaxy formation models. As already discussed, NIR
surveys are ideal for selecting a complete census of massive galaxies at high redshift as
they trace the optical light out to z ∼ 2 which is a more reliable tracer of stellar mass
than the rest-frame UV.

The UDS was awarded a Large Programme (hereafter referred to as UDSz) by the
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Figure 2.1: Coverage within the UDS of the optical (Subaru), NIR (UKIRT), MidIR (Spitzer)
and submillimeter (SCUBA) data. A size comparison between the UDS and similar but smaller
area NIR surveys Faint InfraRed Extragalactic Survey (FIRES) [Franx et al., 2000] and GOODS
[Fosbury et al. 2001,Dickinson et al. 2003] are also shown.

European Southern Observatory (ESO) to spectroscopically follow up K-band selected
targets with the Very Large Telescope (VLT). Omar Almaini from the University of
Nottingham was the Principal Investigator (P.I.) for this project with Co Investigators
(Co.Is) from Edinburgh, Bologna, Durham, Paris, Bristol, Liverpool John Moores, Imperial, Leiden, Sydney, Leicester and NAOJ. The primary target selection was designed
to obtain spectra for a random 1 in 6 sampling of K < 23 galaxies at zphot > 1 (with
a control sample of approximately 500 galaxies with zphoto < 1, see Figure 2.3 for the
photometric redshift distribution for the UDS K < 23 sample). The targets were split
between the VIsible Multi-Object Spectrograph (VIMOS), for the brighter and bluer
targets, and the FOcal Reducer and low dispersion Spectrograph 2 (FORS2) for the
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Optical Subaru:
B=28.2, V=27.6, R=2
i’=27.2, z’=26.3
Optical CFHT:
ugriz

X-ray:
XMM-Newton 100ks

Radio:
VLA 12 µJy rms 1.4G

Spitzer:
Spitzer SWIRE 3.6-1
(NEW: Legacy surve

Submm:
SHADES 8mJy (850

RA = 02 18 00, Dec = -05 00 00

GALEX:
FUV+NUV

Figure 2.2: X-ray data coverage in the UDS (blue dotted circles) compared the coverage of
the NIR data (red square) and optical data (image cross).

fainter, redder sources.
The programme was awarded a total of 235 hours of VLT time with 93 hours used on
VIMOS and 142 hours on FORS2. Nine VIMOS fields were used in a 3x3 configuration
to cover 90% of the UDS field, see Figure 2.4 (white squares). Targets for the masks
were selected at random apart from ensuring that SHADES submillimetre galaxies were
selected in the central regions. In total VIMOS observed � 2500 targets. Given the

initial K-band selection, the targets that are fainter in the optical are generally very red
and were observed using FORS2. Twenty FORS2 masks were used to cover 1/3 of the
UDS field, see Figure 2.4 (red squares). Up to the point when this work was concluded
19 out of the original 20 masks had been observed and one additional mask was observed
using leftover time that was available within the programme allocation. Based on the
data received so far FORS2 has targeted 762 objects in the UDS. This work is based
solely on FORS2 targets and so only the observing strategy, data reduction and analysis
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Figure 2.3: The photometric redshift distribution for the UDS K < 23 sample. The black
dotted line shows the lower limit in photometric redshift for the UDSz sample.

of that data is described here.

2.2.1

FORS2 Mask Design and Observing Strategy

Each FORS2 mask contained approximately 35-40 target galaxies (and several guide
stars). The targets were selected to be red but also needed to be bright enough in
the optical bands so that a usable spectra could be obtained. As a consequence the
following selection criteria were applied: V > 24.5 and i < 24.5 or z < 24.0.
The masks were optimally designed to fit as many 8" x 1" slits as possible. Initially
if the most optimal solution still had space left over additional smaller slits were added.
However, after reduction of the first few masks was completed, it was realised that the
small slits could not be reduced eﬀectively. As a result, for the remaining masks any
additional free detector space was used up by enlarging the existing slits to improve sky
subtraction. Each pointing had 5 hours of integration time on source, divided up into 6
observing blocks. Each observing block contained 4x745 second exposures in 4 positions
(the additional mask contained 2 observing blocks of 4x640 seconds). Multiple observing
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Figure 2.4: VLT spectroscopic mask coverage of the UDS field. VIMOS pointings are shown
as white square and FORS2 pointings are shown as red squares.

positions (dithers) were used to avoid exposing a galaxy spectrum for the full exposure
time onto a part on the CCD that contains dead and/or hot pixels. In addition, this
dither strategy also gave an alternative data reduction option, whereby exposures in
diﬀerent positions can be subtracted from each other to remove the sky signal. This
method is used to remove the sky background in near-IR spectra due to the severity of
the sky line-emission at those wavelengths. This method was not chosen for our data as
it decreases the signal-to-noise of the final sky-subtracted image. This results form the
fact that subtracting one exposure away from another will result in the errors on each
being added together in quadrature, therefore increasing the noise of the sky-subtracted
image.
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Original
Original
Observing
observingStrategy
straegy

Improved
Improved
Observing
observingStrategy
straegy

2" = 8 pixels
2" = 8 pixels
2" = 8 pixels

x2
2" = 8 pixels

2" = 8 pixels

Figure 2.5: Diagram showing the diﬀerent trace positions for the original (left) and improved
(right) observing strategy. The yellow shaded regions show the expected position of the trace
of the targets spectrum.

The first mask and a half were observed with a diﬀerent 4-point dither strategy
to the remaining observations. For these masks the four positions started 3" below
the centre, then moving up the slit in steps of 2" (see Figure 2.5, left). However this
made sky subtraction diﬃcult, see Section 3.2.1. The observing strategy was changed
as the sky noise removal was diﬃcult for the upper and lower positions in the original
strategy as there were a very small number of pixels at the slit edges to control the
sky background fit with, see Section 3.2.1. The improved observing strategy for the
remaining masks was to start 2" below centre then do two steps of 2" and then return
to the centre for the final position (see Figure 2.5, right). In the next chapter the full
details of the data reduction are discussed.
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Chapter 3

Reduction of the VLT-FORS2
Spectroscopy
3.1

Explanation of VLT Pipeline and Issues

The FORS reduction pipeline is a subsystem of the VLT Data Flow System (DFS). The
pipeline and all the subroutines are public to the user community. The pipeline can
be used to automatically process scientific exposures taken with the FORS and FORS2
instruments. The outputs from the pipeline are limited by the quality of the calibration
data and the algorithmic implementation of the subroutines. ESO has released two
front-end applications through which to run the pipeline; Esorex (ESO Recipe Execution
Tool) is a front-end that can be run from the command line and GASGANO is a Java
application version of the pipeline. GASGANO is also a Data File Organiser which can
be used to systematically view data observed by telescopes which operate in observing
blocks.

3.1.1

Reduction of the Calibration Data

The flow chart for the VLT pipeline reduction of the calibration data can be seen in
Figure 3.1. All the subroutines in the reduction cascade of the calibration data are
combined together in a single recipe called fors_calib. This recipe requires the input
of 5 raw bias exposures, 5 screen flat exposures, 1 arc lamp exposure, a grism table
and a line catalog (master_linecat). The grism table is a file that contains the
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Figure 3.1: A cascade explaining the reduction of FORS2 calibration data. The recipe combining all these subroutines is called fors_calib.

configuration parameters controlling the extraction of the spectra for the particular
grism that was used during the observations. The line catalog is a list of spectral lines
and their corresponding wavelengths, in Ångstroms, for the arc lamp used.
Firstly fors_bias creates a master_bias by making a median stack of the 5 bias
frames. The value of the master_bias at each pixel is the median of the 5 corresponding pixels from the 5 raw frames. The minimum and maximum pixel values
at each position are, by default, removed when a mean instead of median stack is
used. The 5 raw screen flat exposures and master_bias are then used to make a
master_screen_flat using fors_flat. Each of the raw flat-field exposures are bias
subtracted and are then averaged to create a master_screen_flat.
Next, using a bias-subtracted raw arc lamp exposure, the master_screen_flat
and the master_linecat, the slit spectra are detected (fors_detect_spectra) and
traced (fors_trace_flat) on the master_screen_flat and a preliminary wavelength
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calibration is found. The important outputs are curv_traces, which gives the position of the top and bottom of each slit in 10 pixel steps across the CCD chip, and
slit_location which gives the position of the top and bottom of each slit at the
central wavelength position on both the CCD image and the rectified (corrected for any
curvature in the spectra) image of the arc lamp exposure. The curv_traces output
is produced by fitting a polynomial to the detected slit edges. An additional output
that will be used later is the spatial_map, a map of spatial positions on the CCD. In
this map each pixel has the value of its distance from the top edge of is corresponding
slit.
Finally a master_norm_flat is created by dividing the master_screen_flat
by a smoothed version of itself using fors_normalise_flat. The smoothed version is created by box smoothing the image with a box of 10 pixel radius in the spatial and
dispersion directions. Then using the slit_location, the master_norm_flat,
the spatial_map, the curv_coeff (a table containing the coeﬃcients from the polynomial fitting to the slit edges which produced curv_traces), and the rectified arc
lamp exposure (fors_extract_slits) the final wavelength calibration is calculated, from
the spatially rectiÞed arc lamp frame and is stored in disp_coeff (fors_wave_calib).

3.1.2

Reduction of the Scientific Data

The reduction cascade for the processing of the scientific data can be seen in Figure 3.2.
Due to the faintness of the observed galaxies, the individual science exposures contained
very low levels of flux from the targets. In this case the pipeline was unable to detect
and trace the spectrum for a large fraction of the targets. Therefore this led to issues
with the sky-subtraction, as an object’s signal could be used in the sky fit and would
result in a bad fit and, potentially, the flux of the target being subtracted away. Also
this gave problems with the spectral extraction itself, which obviously could be seriously
inaccurate if the spectrum of the object cannot be detected correctly. Therefore the
VLT pipeline’s reduction of scientific data had to be optimised, as can be seen in Figure
3.3, where the areas shaded grey are replaced with purposely written scripts. In Figure
3.4, reductions of three example slits are presented; the far left reduction of each of
the examples is achieved solely with the VLT pipeline, the far right is our optimised
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Figure 3.2: A cascade explaining the reduction of FORS2 scientific exposures. The recipe
combining all the subroutines is fors_science.

reduction. As can be seen the reduction from the VLT pipeline leaves sky residuals
in all the sky line positions, even in the areas with only weak sky emission. Along
the whole of the spectrum in the wavelength direction there appear to be higher sky
residuals above the object’s spectrum than below. Also, towards the red end, the sky
noise removal completely fails. The optimised reduction leaves only small residuals on
the strongest sky lines and the residuals are uniform across the slit, both in the spatial
direction and as function of wavelength.
The subroutines of the original VLT pipeline that are used are briefly described here,
while in the next section a detailed description of the subroutines optimised during this
thesis will be given. fors_remove_bias uses the master_bias to bias subtract all the
raw science frames. The result from this is then divided by the master_norm_flat
by fors_flatfield to give a bias-subtracted flat-fielded science exposure. Sky background
subtraction is performed next, which has been optimised and is described in Section
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Figure 3.3: A reduction cascade for fors_science. The grey shaded areas contain the subroutines that failed for targets in the sample and were replaced with purposely written scripts.

3.2.1. fors_extract_slits then uses the information for the location and trace of the
slit found during the reduction of the calibration data, curv_coeff, slit_location
and the sky subtracted science data and produces rectified science and sky images with
any curvature along the slits removed. This is then fed into fors_align_sky along with
slit_location, spatial_map, curv_coeff and disp_coeff and the rectified slits
are used to see if any adjustments are needed to the wavelength calibration found during
the reduction of the calibration data. fors_resample uses all of this to align the slits by
wavelength. The final result is a bias-subtracted, flat-fielded, sky-subtracted, rectified
and wavelength-calibrated multi-object CCD image. Using scripts created during this
thesis, and the slit_location output from the fors_calib recipe, all of the slit spectra
are cut out of the individual exposures. These individual exposure slits were then
stacked as described in Section 3.2.2 and the 1D and error spectrum were extracted as
described in Section 3.2.3.
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3.2

Optimising the VLT Pipeline for the UDSz Data

3.2.1

Sky Subtraction

As the CCD contains multiple object spectra, the easiest way to perform the detection
of the single spectra was to use the knowledge of slit location obtained from calibration
and information of the expected position of the object along the slit. For the latter,
as described in the previous chapter, the observations were constructed such that each
observing block was built up of 4 exposures; the first being positioned 2 arcseconds below
the centre on the slit, the second in the centre of the slit, the third 2 arcseconds above
the centre and the fourth position returned to the centre of the slit. This information
is summarised in Table 3.1 and presented in Figure 2.5.
At the same time the location of the slit is found as described above; fors_calib
gives an output, curv_traces, which details the location of the top and the bottom
of each slit every 10 pixels along the length of the CCD. A python script was written
to cut out each of these 10-pixel segments and save them to disk. The background
package from PyRAF (a command language for running IRAF based on Python) was
used to subtract the sky noise from each segment. Working on a column-by-column
basis, background fits a polynomial to the allocated pixels in each column and subtracts
this fit from the entire column of pixels. Within background one can set the order of the
polynomial, the pixel range to use in the fitting process and any thresholds by which
pixels should be rejected from the fitting sample. When fitting the sky background
the sample of pixels to be used in the fit was set to exclude the region containing the
spectrum of the target using the knowledge of its expected location. A two-iteration 2σ
clip of the pixel values in the fitting sample in each column was performed to remove
any cosmic rays or bad pixels from the fitting sample. It was found that a second-order
polynomial was required to deal with all the sky lines along the spectra. Zeroth- and
first-order polynomials were tried as the lowest order acceptable fit possible is desired
to reduce the number variables in the fitting process. The zeroth-order fit results in a
bimodality in the residuals in the sky lines, implying that there is at least a gradient
in the skylines (see Figure 3.4, second reduction from the left in each example). The
first-order fit provided a good sky subtraction for all of the skylines � 9300Å, but left
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bad residuals for the majority of the skylines at the red end of the spectrum (see Figure
3.4, second reduction from the right in each example). Each segment was then returned
to the CCD image for rectification and sky line alignment.

3.2.2

Stacking of Individual Science Exposures

The stacking of the 24 individual exposures was performed using the imcombine task
in PyRAF. This package allows one to combine FITS images in a variety of ways. The
images can simply be added using the summing feature or can be combined via an
average or median stack. When summing the frames, the package works on a pixel-bypixel basis and sums all the values from a certain pixel position in each exposure. For
average(median) stacks the average(median) is calculated for the corresponding pixel
position respectively. Pixel rejection parameters can also be included in the form of
sigma clips, the removal of a certain number of the highest and lowest valued pixels
or give a straight lower and/or upper threshold value. The images can be oﬀset before
stacking by a designated number of pixels in the x and y directions.
The stacking method adopted was to use an average stack, with a 2σ clip, with oﬀsets
to take into account the diﬀerent observing positions within the observing strategy. The
pixel scale on the FORS2 chips is 0.25" per pixel so, for a single block of observations,
the oﬀsets required in the spatial direction can be seen in Table 3.1 and are depicted
in Figure 3.5. The top and bottom 8 pixels of the stack were removed as they only
contained the sky residuals from a single exposure and were not going to be used in the
extraction of the 1D object or error spectrum (Figure 3.5). The final stack was then
divided by the exposure time of an individual exposure (745s).
Throughout the testing it was seen that bad rows of pixels in the FORS2 detector
could heavily aﬀect the final stack, and so, for each target, four stacks were made; one
stacking all the exposures together, one removing the bottom, one removing the middle
and one removing the top position. The full stack was used unless a position needed to
be removed due to artifacts in the CCD image. Along with a bad stack being made due
to bad rows of pixels and artifacts on the detector the slit_location output file can
be slightly inaccurate and when cutting the slits out of the individual science exposures
part of the gap between the slits can be included, resulting in horizontal rows of zero
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Figure 3.4: The final two-dimensional stacks for four diﬀerent reductions for three example
objects. For each object the far-left reduction was made using the original VLT pipeline, second
from the left is a reduction from the optimised pipeline with a zeroth-order sky fit, second from
the right is a reduction from the optimised pipeline with a first-order sky fit and the far right is
a reduction from the optimised pipeline with a second-order sky fit, the method used for final
reduction of the data.
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Table 3.1: The oﬀsets for the exposures in a single observing block. The oﬀsets are the same
for all 6 observing blocks.

Observation

Spectral Position

Oﬀset in pixels

1

2" below centre

-8

2

Centre of slit

0

3

2" above centre

+8

4

Centre of slit

0

1

2

3

4

Removed from final stack

Stack
Trace

8

8

Removed from final stack

Figure 3.5: Diagram showing how the 4 exposures from a single observing block are stacked
together accounting for the oﬀsets resulting from the observing strategy.
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counts. These slits have to be manually recut and stacked.

3.2.3

Extraction and Cleaning of the 1D Spectra

The PyRAF package apall oﬀers a good tool for the extraction of the 1D galaxy spectra.
However, due to the faintness of the target sources, two of the stages of the extraction
process with apall (defining location of the aperture spatially on the two dimensional
spectrum and tracing the flux along the spectrum) had to been done interactively and
this was not realistic due to the number of spectra to be analysed. Therefore a python
code was developed that would automatically simultaneously extract the object spectra
and its corresponding error spectrum.
The VLT pipeline provides an eﬀective rectification of the spectra, so after inspection
of a random sample of spectra, it was concluded that the flux could be considered to
be dispersed horizontally along the two-dimensional spectrum. To find the trace the
two-dimensional spectrum of each object was binned up using an 11-pixel box in the
dispersion direction. The script then scanned along the 2D spectrum trying to locate
the trace. By construction of the stack (described above) the trace is expected in the
middle of the stack (see Figure 3.5). For each column in the binned-up 2D spectrum
the middle 5 or 6 pixels were tested to find which one contains the centre of the trace.
If the stack contained an odd number of rows the middle 5 (centre and ±2 pixels) was
used and if the stack contains an even number of rows the central 6 pixels was used, see
Figure 3.2.3.
At each of these 5 or 6 central pixels for each column (in the binned spectrum) the
surrounding 5 pixels are summed and the value recorded. The summing of 5 pixels was
chosen since inspection of a collection of final 2D spectra showed that the targets signal
never spanned more than 5 pixels spatially. This works as an estimation of the target
flux if the current central pixel was the trace.
For each column the pixel value which produced the largest flux value was recorded
as the trace. Once a trace was estimated for each column in the binned 2D spectrum
the mode of these trace values was taken to be the trace for target flux. The expected
trace value (the middle row of the 2D spectrum) and the trace estimate from the above
method were both recorded in an extraction log file.
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Pixels used to
find trace

Odd number of rows

Even number of rows

Figure 3.6: Diagram showing 5 columns of a stack that contains an odd(left) and even(right)
number of rows. The pixels shaded yellow are the pixels that were examined when searching
for the trace.

Figure 3.7: Diagram showing the pixels that were summed to find the trace of an object’s
stacked spectrum. The pink pixels show the pixels that were summed when the corresponding
red pixel is trialled as the trace.
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Table 3.2: The range of allowed and default weight values for the extraction pixels.

Pixel

Weight Range

Default Weight

+2

0.05-0.15

0.1

+1

0.10-0.30

0.2

Trace

0.20-0.40

0.3

+1

0.10-0.30

0.2

+2

0.05-0.15

0.1

To achieve an optimal extraction of the flux a weighted extraction of the 5 pixels surrounding the trace pixel was needed. In each column the flux was spatially
distributed approximately as a Gaussian. The distribution of the Gaussian was investigated as a function of wavelength. From a collection of test objects it was concluded
that the weights were constant as a function of wavelength (see Figure 3.8 for an example). Therefore, a single weight for each of the 5 extraction pixels was needed. This was
found by moving along the (original unbinned) 2D object spectrum and for each column
recording the fraction of the total flux that was contained in each of the 5 extraction
pixels. The weight for each of the 5 pixels was then found by a least-squares-fit of a
constant function to the set of values for each pixel (see Figure 3.8). Since a lot of the
spectra contained low levels of signal-to-noise per pixel this fit was sometimes hard to
find correctly so a range of weights for each pixel were defined and if the estimate fell
outside of this then a default value was adopted. The ranges and default values can be
found in Table 3.2. The estimated weights were recorded in the extraction log file.
Once the trace and the optimal extraction weights was established, a 1D spectrum
of the object was extracted using the original 2D spectrum, and at every column a
weighted extraction flux recorded as the weighted mean of the pixels around the trace,
i.e.

�5

fcol = �i=1
5

fi wi

i=1 wi

,

(3.1)

where fcol is the extracted flux for an individual column of pixels, fi is the flux in one
of the individual extraction pixels and wi is its corresponding weight.
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Figure 3.8: Example of how the fraction of flux in each of the extraction pixels varied as
function of wavelength. The five panels show the fraction of flux in each pixel as a function of
wavelength. The red line is the best fitting constant function.
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Flux calibration of the extracted spectra
The extracted one-dimensional flux and error spectra are then corrected for the average
airmass value of the nights during which the mask was observed, using:
fairmass−corrected,λ = fobserved,λ × 100.4ACλ ,

(3.2)

where fairmass−corrected,λ is the airmass-corrected flux at a given λ, fobserved,λ is the
extracted flux at a given λ, A is the average airmass and Cλ is the value of the extinction
correction function at a given λ. The atmospheric extinction curve used can be seen in
Figure A.1
The sensitivity of the CCD then needed to be considered and corrected for. This was
done by using the sensitivity function of the CCD. The sensitivity function was found
by using the observation of a standard star that was observed on the same nights as the
mask considered, to make sure it was observed in similar conditions to the science data.
Due to the brightness of the standard star, fors_calib and fors_science can be used
in their complete form. As with our optimised pipeline fors_science normalises the
exposure time to 1 second. Once a fully reduced 2D spectrum of the standard star was
obtained, its spectrum was extracted in the same way as for the objects. The PyRAF
packages standard and sensfunc were used to compare the observed with the expected
spectrum, and hence produce a sensitivity function. The standard package requires the
extracted 1D spectrum of the standard star, the airmass at the time of observation, an
atmospheric extinction file and the expected spectrum of the standard star. Examples
of an extracted standard star spectrum and its corresponding expected spectrum are
shown in Figure 3.9. The expected stellar spectrum file needs to be in the form of an
ascii table with 3 columns; column 1 is wavelength, column 2 is magnitude(AB) and
column 3 is the band-width (see Table A.1 for an example standard star calibration
file). The PyRAF standard package generates an output table that is made up of 4
columns; column 1 is wavelength (same as the standard star calibration file), column
2 is the flux of the star in the corresponding band-pass, column 3 is the band-width
(same as the standard star calibration file) and column 4 contains the number of counts
from the extracted spectrum in the corresponding band-pass. The first line of the file
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Figure 3.9: The top panel shows the unflux-calibrated spectrum of a standard star. The
bottom panel shows a flux-calibrated spectrum of the same star.

contains a line of additional information; the input extracted spectrum file name, the
aperture number, the length of the spectrum, the exposure time, the airmass and the
wavelength range (for an example of output file see Table A.2).
The PyRAF sensfunc package then uses the information generated by the standard
package and an atmospheric extinction file to produce a sensitivity function for the
CCD. For each point in the output table a calibration factor is calculated by,
C = 2.5 log (O/T BF ) + AE,

(3.3)

where O is the observed counts in a given bandpass, T is the exposure time of the
observation, B is the band-width, F is the flux per Angstrom at the bandpass for the
standard star, A is the airmass of the observation, and E is the extinction at a given
bandpass. Once sensfunc has calculated all these points the sensitivity function is
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Figure 3.10: Derived sensitivity function for the standard star shown in Figure 3.9

found by fitting a polynomial curve, which is done interactively, changing the function
and order, while sensfunc is operating. The resulting sensitivity function is in units of
counts/sec/Å
2.5 log ergs/cm
2 /sec/Å (see Figure 3.10 for the sensitivity function of the standard star).

This sensitivity function is then used to correct the extracted airmass-corrected
spectrum using,
fsens−corrected,λ = fairmass−corrected,λ × 10−0.4Sλ ,

(3.4)

where fsens−corrected,λ is the CCD sensitivity corrected flux at a given λ, fairmass−corrected,λ
is the extracted flux at a given λ, and Sλ is the value of the sensitivity function at a
given λ.
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Correcting for atmospheric telluric features
The spectrum then needed to be corrected for telluric contamination which originates
from molecules in the Earth’s atmosphere. This was also done using the observation of
the standard star. The 1D spectrum of the standard star is meant to approximate to a
blackbody spectrum and the position of the telluric features in the optical are known.
A high-order polynomial was fitted to the spectrum of the standard star excluding the
regions containing the telluric features. In the optical the telluric features occur at
6532 − 6591Å, 6841 − 6936Å and 7568 − 7700Å. Known regions of bad skylines were
excluded from the fitting because these are dealt with during the sky-subtraction; in the

optical range particular bad skylines appear redward of 9275Å. For an example of an
extraction of a standard star from one of the masks and the fitting polynomial see the
top panel of Figure 3.11. The spectrum of the standard star was then divided by the
high-order polynomial fit with the resulting function being very close to unity except
in the telluric regions which are lower. To ensure that only the telluric regions were
corrected, all the values outside this region were forced to be exactly equal to one (see
the bottom panel of Figure 3.11 for example of telluric correction function). To correct
the object’s 1D spectrum for the telluric features it was simply divided by the telluric
function.
Correcting the spectral normalisation to match photometry
The airmass, sensitivity and telluric-corrected spectrum was then normalised to match
the objects photometry in a 3" diameter catalog. The spectral shape was left unchanged
and the spectrum simply had its overall normalisation changed by a factor equal to the
diﬀerence between the integral of the flux in the spectrum over the i-band filter and the
flux in the observed i-band magnitude. Integrating the spectrum over the i-band filter
was done in (λ,fλ ) space using,
�
fλ Rλ
F =�
dλ,
Rλ /λ2

(3.5)
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Figure 3.11: Top panel shows an extraction of a standard star from one of the masks. The
black line is the spectral extraction, the dashed red line is the high order polynomial fit and
the shaded grey regions are known areas with telluric features. The bottom panel shows an
example of a final telluric correction function.

where F if the flux over the i-band in the spectrum, fλ is the flux in the spectrum and
Rλ is the filter profile for the i-band. This was then converted to a magnitude using,
m = −2.5 log (F )

(3.6)

and,
C = 10

m−M
2.5

,

(3.7)

where m is the i-band magnitude in the spectrum and M is the photometric i-band
magnitude.
Only the i-band was used, as opposed to the R, i and z bands, since this was the
only band fully spanned by all the spectra. If a slit is not located centrally in the
dispersion axis on the CCD, part of the wavelength coverage is lost at either of the ends
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of the spectrum.
This 1D spectrum and R, i and z photometry was then plotted and saved as a
postscript file for inspection before any further reduction was carried out. Each plot
was visually inspected to check that the spectrum looked sensible and that the spectrum
had been properly normalised to the photometry.
For the production of each object’s error spectrum the information of the trace and
extraction pixel weights from the extraction of the objects spectrum was used along
with the information of the exposures used in the final stack (accounting for any restacks due to bad pixels and/or inaccuracies in the slit_location output file) and
the corresponding oﬀsets. For each column in the dispersion direction and each of
the extraction pixels the values from all of the exposures used in the final stack were
recorded. These were normalised to the exposure time of a single science frame (745s).
The result was an "error-stack" which had 5 rows and the same number of columns as
the final science stack where each pixel has a value equal to,
pi,j = stddev(stack_pixels)/

�
no. of stack_pixels,

(3.8)

where pi,j is the j th pixel in the ith column, stddev means standard deviation and
stack_pixels is the set of all the values that went into that position in the final stack.
From the "error-stack" the objects error spectrum can be extracted. A weighted
extraction was obtained using Equation 3.9, which is the same as for the object spectrum
except the error values are added in quadrature.

σcol =

��
5

2 2
i=1 σi wi
�5
i=1 wi

(3.9)

The extracted error spectrum was then corrected for airmass extinction, CCD sensitivity
and telluric features in the same way as the object spectrum.
Each spectrum was put through a minor cleaning procedure which consisted of
plotting the one-dimensional spectra using the splot package in PyRAF and removing
any unrealistic pixel spikes or troughs which could not be accounted for by the error
spectrum.
Finally as the spectra had been oversampled by a factor of two the 1D and error
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Table 3.3: The flag classification system for spectroscopic redshift estimation for the UDSz
galaxy spectra

Flag

Description

A

Secure redshift with multiple spectral feature and good template match

B

Confident redshift estimate with single feature and/or good template match

C

Uncertain redshift, but best estimate is provided

D

No redshift estimate obtained

spectrum for each object was binned up using a 2-pixel bin. The final output for each
object was a FITS file with three extensions; the final 2D stack, 1D and error spectrum,
and a text file of both the 1D and error spectrum.

3.3

Redshift Estimation

An estimation of the spectroscopic redshift for each object was found by initially
fitting each object with three composites from the K20 Survey representing early-,
intermediate- and late-type galaxies [Mignoli et al., 2005]. The best-fit template provided an estimate of the redshift and spectral type. An independent estimate of the
redshift was provided by inspection of each object performed by Dr. R. J. McLure.
For the spectra that resulted in a science grade redshift (A or B - see later), ∼ 70%

of the total extracted spectra, the majority, ∼ 90%, had excellent redshift agreement
(∆z ∼ 0.001) from the two estimates. It was the lower signal-to-noise and featureless spectra where the diﬀerences occurred, and where further discussion was required.
Armed with these two independent estimates, a final visual estimation of each source
was undertaken by Dr. R. J. McLure, Dr. M. Cirasuolo, Prof. J. S. Dunlop and myself
yielding a final redshift estimate and a classification flag for each object. The classification flag was categorised as given in Table 3.3 with Flag A being the most secure
redshift and Flag D indicating that no estimate could be made.
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Figure 3.12: The spectroscopic redshift distribution of the galaxies with scientific grade redshifts (Flag A or B) from the K-band selected follow up programme in the UDS, UDSz.

3.4

Reduction and Redshift Statistics

On the masks that were reduced and used for science purposes in this thesis there was a
total of 762 targets consisting of 718 K-band selected targets, and 44 additional sources
such as Lyman Break Galaxies (LBGs) and SCUBA sources. From this target sample
654 (91%) 1D spectra were successfully extracted, of which 641 were normalised to
match their i-band photometry. Of the 13 that were not normalised, 9 had no i-band
photometry and 4 had such low levels of flux in their spectra that the integrated flux
over the spectrum under the i-band filter was negative. From the sample of extracted
and normalised spectra 443 (69%) have science grade (Flag A or B) redshifts, 12 of
which were stars. The redshift distribution of the sample is shown in Figure 3.12. The
whole sample has a median redshift of z = 1.283.
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Chapter 4

Data Analysis Techniques
In addition to producing an accurate redshift, the spectra can also be used to derive
physical properties of the observed galaxies. The various techniques used to analyse the
optical spectra and multi-wavelength photometric data of each galaxy will be discussed
here. Descriptions are provided of how physical characteristics such as stellar mass,
dynamical mass, age and star formation rates are calculated along with how measurements of spectral features are made. The method for calculating velocity dispersions of
elliptical galaxies will discussed in detail and the construction of composite spectra and
photometry of samples of galaxies will be described.

4.1

Spectrophotometric Fits to Optical Spectra and MultiWavelength Photometry

4.1.1

Galaxy Evolution Models

Armed with the optical spectra and the multi-wavelength photometry for each galaxy it
is possible to derive accurate estimates of the ages and stellar masses of the targets. As
galaxies are complex systems made up of potentially several stellar sub-systems from
diﬀerent generations of star-fomration, it is necessary to invoke models with a variety of
star-formation histories to obtain good fits to the data. Here we adopt the latest Charlot
& Bruzual 2007 models (Stephane Charlot, private communication, hereafter CB07),
which include the eﬀects of thermally pulsating asymptotic giant branch (TP-AGB)
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Henriques et al.

sults based on N -body-simulations (Boylan-Kolchin et al.
2008), the Taﬀoni et al. (2003) formulae predict significantly
shorter merging times. Note that the same is true for
Menci et al. (2006) with merging times two times shorter
than in De Lucia & Blaizot (2007).
Despite the overall agreement between diﬀerent models in terms of the mass build up found by Fontanot et
al. (2009b), it can be seen that morgana shows an excessive build up of massive galaxies at late times. We expect Menci et al. (2006) to show a similar behaviour. This is
due to the combined eﬀect from the enhanced merger activity and the ongoing star formation due to ineﬃcient AGN
feedback at low redshift. This will aﬀect our results with
both models over-estimating the number density of bright
K-band objects at later times (see Section 4).
2.3

Implementation of the M05 models

As recalled in the Introduction, the spectra of galaxies in
semi-analytic models are obtained by means of spectrophotometric population synthesis models. The implemenFigure 1. A simple stellar population spectral energy distributation of the M05 models is straightforward in these semition from M05 is compared with the equivalent predictions from
Figure
4.1:
A
simple
stellar
population
spectral
energy
distribution
from Maraston [2005b]
models
used in semi-analytic
models (here
Bruzual
& Charlot
analytics. We use SSPs corresponding to four metallicities,
(2003) as an illustrative example). The plot refers to a 1 Gyr old
1/20 Z⊙ , 1/2 Z⊙ , Z⊙ and 2 Z⊙ , which despite not being
population
with solar metallicity.
The TP-AGB
stellar
phase in
(red
line)populations
compared
with the
equivalent
predictions
from
Bruzual
and Charlot [2003] (black
exactly the same as for
the stellar
previously
the M05 models is significant between 0.2 and 1 Gyr. For similar
used (since the input stellar tracks of the M05 models are
plots and discussion see M05.
diﬀerent, see M05 for line).
details), The
cover aplot
similar
range and
refers
to a 1 Gyr old population with solar metallicity.
are as coarse. Therefore, this diﬀerence has no impact on
our predictions. The same IMF that was previously adopted
This paper uses a data set from the Ultra Deep Survey
in the various semi-analytic models is retained, namely the
(UDS), the deepest survey from the UKIRT Infra-Red Deep
Chabrier (2003) for morgana2 and the Munich model, and
Sky Survey (UKIDSS), containing imaging in the J- and
a Salpeter (1955) for Menci et al. (2006).
K-bands, with deep multi-wavelength coverage in BV Ri� z �
The predicted luminosities are then corrected for dust
filters in most of the field. The sample contains ≈ 50,000
extinction. For all models we keep these prescriptions unobjects over an area of 0.7 square degrees, with high comchanged. The diﬀerent treatment of dust extinction has nonpleteness down to K � 23. Cirasuolo et al. (2010) find that
negligible eﬀects on the predicted magnitudes and colors, esthe space density of the most massive galaxies at high redpecially at z > 2 (Fontanot et al. 2009). However, since the
shifts (above 2) is under-predicted by semi-analytic models,
rest-frame K-band emission is relatively insensitive to dust
in other words the theoretical luminosity function lacks the
attenuation, we do not expect these diﬀerences to substanbrightest sources in the near-IR.
tially aﬀect our results.
Tonini et al. (2009, 2010); Fontanot & Monaco (2010)
Finally, It is worth stressing that we keep all other asshowed that the number of bright K-band objects at high
sumptions and parameters of the semi-analytic models as in
redshift
in semi-analytic models can be increased by includtheir original formulation. Therefore, we can highlight any
ing the M05 models with their treatment of the TP-AGB
modification due just to the change in the stellar population
phase of stellar evolution. We briefly recall here the origin of
libraries.
such an eﬀect. The M05 models, predict that young populations have a significant contribution to the near-infrared. For
the luminosity function analysis, the diﬀerences are expected
3 A CHALLENGING ISSUE: THE OBSERVED
to be more significant at high redshift where a larger fraction
REST-FRAME K-BAND LUMINOSITY
of the galaxy population contains young stars. In Fig. 1 we
FUNCTION AT HIGH REDSHIFT
plot the spectral energy distribution (SED) for a population
with 1 Gyr of age and solar metallicity, using M05 and the
In this paper we focus on a well documented discrepstellar populations previously implemented in semi-analytic
ancy between semi-analytic models and observations, the
models (see M05 for similar plots and discussion). In the Kinability of the models in matching the observed redband the M05 model predicts more than twice the emission,
shift evolution of the rest-frame near-infrared galaxy luhence aﬀects the prediction of semi-analytic galaxies at high
minosity function (Pozzetti et al. 2003; Cimatti et al. 2004;
redshift.
Kitzbichler & White 2007). This has recently been conIn concluding this section, some words of caution must
firmed over a wide redshift range (Cirasuolo et al. 2010).
be given on the data/model comparison. In Cirasuolo et al.
(2010) the galaxies have photometric redshifts, which were
2 Note that the M05 stellar populations were implemented in
obtained by fitting empirical as well as synthetic templates
morgana by Fontanot & Monaco (2010)
from Bruzual & Charlot (2003). For consistency, photomet-

stars. These stars have maximum fuel consumption at ages 0.3 ≤ t ≤ 2 Gyrs and at

this time can have a large eﬀect on the NIR region [Maraston, 2005b], see Figure 4.1 for
an example of the diﬀerence in SED shape with and without the inclusion of TP-AGB

stars. There is a vigorous debate over which of the currently available evolutionary

synthesis models provide the best fits to the data, or indeed, whether any of the current
generation of models can accurately reproduce high quality galaxy spectra. For example
Carter et al. [2009] have shown that the models of Bruzual & Charlot can reproduce
the broadband UV to NIR photometry in present day ellipticals but that the models

of Maraston [2005b] can not (for sensible physical parameters). This provides some

confidence that we can proceed to use the models of Bruzual & Charlot to fit the
optical to IRAC photometry for z ∼ 1 galaxies in the present study. On the other

hand, it is well known [e.g. Tojeiro et al. 2010] that all models struggle to provide
c 2009 RAS, MNRAS 000, 1–9
�

formally acceptable fits for high signal-to-noise galaxy spectra, even allowing for quite
complex SFHs. The extent to which this reflexes inadequacies in the detailed modelling
or remaining systematics in the data is unclear.
Each galaxy is fit with so-called "τ models" and two component burst models
(TCM). The τ models use an exponentially decaying star-formation rate (SFR), SFR
∝ exp(−t/τ ), where t is the time since formation began and τ is the e-folding time, a
variable determining the duration of star-formation. Large values of τ , up to 10 Gyrs,
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were allowed, which approximate a constant star-formation rate. The parameter space
for these models therefore consists of four variables; the τ value, the metallicity of the
system, the age of the system and the level of dust attenuation which was applied
assuming the Calzetti et al. [2000] law.
The TCM models are made up of two sequential bursts (simple stellar populations)
to represent a scenario in which the galaxy forms the majority of its stars at an early
stage but has undergone a more recent episode of star-formation. These models are
included to prevent objects where the stellar population is dominated by old stars but
have had a recent minor starburst that contributes significantly to the rest-frame UV
flux being incorrectly classified as younger star-forming galaxies. This is important for
the sample studied in this thesis as it is from the red end of the full sample that made
up the VLT Large Programme.
The TCM models were constructed by normalising the flux of the younger stellar
component to match that of the older population at a rest-frame wavelength of 5000Å.
The flux of the two stellar populations were then combined in a fashion that the two
populations account for diﬀerent fractions of the total galaxy mass. The contributing
mass fraction of the younger population could vary between 0 and 1, with a finer grid
of values at low mass fractions as it is expected that the red galaxies will contain only
of a small population of younger stars.
Only a small mass fraction of a younger stellar population is needed to significantly
aﬀect the rest-frame UV luminosity of a galaxy mass-dominated by an old stellar population. For an illustration of this see Figure 4.2 where the black line is the SED of a 2
Gyr-old SSP. The red, blue and grey lines show the resulting SED when 0.1%, 0.2% and
0.5% of the total galaxy mass is from a 10Myr-old stellar population. As you can see
from Figure 4.2, even with a mass fraction of only 0.1% the starburst still completely
dominates the rest-frame UV. However, the end of the rest-frame optical and into the
rest-frame NIR the old population is by far the most dominate component in terms of
light.
The parameter space for these models consists of 6 variables; metallicity of the old
stellar component, age of the old stellar components, metallicity of the young stellar
component, age of the young stellar components, the mass fraction of the younger stellar
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Figure 4.2: The black line is the SED of a 2 Gyr-old SSP. The red, blue and grey lines show
the resulting SED when 0.1, 0.2 and 0.5% of the total galaxy mass is from a 10 Myr-old stellar
population.

component and dust reddening (Av ) that was applied using the Calzetti et al. [2000]
law.
For all star-formation histories (SFHs) the age of the spectral energy distribution
(SED) was never allowed to exceed the age of the Universe at each object’s redshift. For
the TCM models the age of the young stellar components was never allowed to exceed
that of the old component.

4.1.2

Model Fitting Process

For the fitting process each model was redshifted to the galaxy’s redshift and the target
spectra were binned up to match the resolution of the models in the fitting region. The
models were then simultaneously fit to the observed optical spectra and BV JHK and
IRAC 3.6 & 4.5µm photometry in the observed frame. The region of the spectra used
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during the fitting was 6200-9600Å. This was due to the increased severity of the skylines
beyond 9600Å and the increased susceptibility to errors in the flux calibration at the
extreme ends of the spectra. The photometric broad-band magnitudes were converted
to a flux, fλ , and a model flux for each band was calculated by integrating the model
over the filter profiles. The Riz optical bands are not used as this region of the galaxy’s
SED is covered by the optical spectra. The best fit model was found by reducing χ2 ,
χ2 =

� (di − nmi )2
σi2

i

,

(4.1)

where di is the value of the data spectra at point i, mi is the value of the model spectra
at point i, σi is the error on the data at point i (which comes from the galaxy’s error
spectrum) and n is overall normalisation between the data and model.
The normalisation was calculated by solving,
dχ2
= 0,
dn

(4.2)

i.e. finding the minimum χ2 with respect to the normalisation. This gives the following
analytic formula for the normalisation factor,
�

di mi
i σi2

n= �

m2i
i σi2

(4.3)

We know that each spectra contains a small number of points that are not physically correct nor accounted for by the error spectrum. Also the galaxy spectra contain
emission lines which the models do not. To remove this unusable information from the
spectra each galaxy went through the fitting process twice. On the second run spectral
points which produced a χ2 > 9, a point that is a 3σ outlier, on the first fitting were
removed from the fitting process. This process is justified because the stellar population
synthesis models are known not to produce the detailed features seen in the real data
[Tojeiro et al., 2010]. As a consequence, as the signal-to-noise of the data improves the
mismatch between data and models tends to an increasingly large χ2 and models which
are incorrectly dominated by small features. Therefore as the signal-to-noise increases
the number of spectral points which have an individual χ2 > 9 increases, see Figures
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Figure 4.3: The top left plot shows signal-to-noise versus the fraction of points that have
χ2 > 9 for the (first run) fits to the τ models. Signal-to-noise is measured as the mean signalto-noise per pixel in the range 6200-9600Å, the region used during the fitting process. The
lower histogram shows the spread of signal-to-noise throughout the sample and the right-hand
histogram shows the spread of the fraction points that have χ2 > 9.

4.3 and 4.4 for this trend from fits to the spectra with τ and TCM models respectively.
In Figures 4.3 and 4.4 you can see that the fraction of points removed due to having
a χ2 > 9 scales with signal-to-noise. Signal-to-noise is measured as the mean signal-tonoise per pixel in the range 6200-9600Å, the region used during the fitting process. The
lower histogram in each figure shows the spread of signal-to-noise throughout the sample
and the right histogram shows the spread of the fraction points that have χ2 > 9.
As shown simply rejecting points based on a cut in χ2 would result in rejecting large
portions of the spectra for the high signal-to-noise objects so a limit on the number of
points that can be rejected is required. To estimate this, for the fits to the τ and TCM
models, we took all the galaxies within one median absolute deviation of the median
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Figure 4.4: The top left plot shows signal-to-nosie versus the fraction of points that have
χ2 > 9 for the (first run) fits to the TCM models. Signal-to-noise is measured as the mean
signal-to-noise per pixel in the range 6200-9600Å, the region used during the fitting process. The
lower histogram shows the spread of signal-to-noise throughout the sample and the right-hand
histogram shows the spread of the fraction points that have χ2 > 9.

signal-to-noise and then took the mean fraction of points with χ2 > 9 of this subsample.
This was 21.8% and 20.4% for the fits to the τ and TCM models respectively. Therefore
we set a maximum limit of 22% of the points that could be rejected. For the galaxies
that had more than 22% of their points producing χ2 > 9, the points to be rejected
were the points producing the largest χ2 s.

4.2

Star-formation Rate Indicators

One of the main goals of this thesis is to accurately establish the fraction of truly passive
galaxies at z > 1, as such it is clearly important to determine the levels of on-going star-
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formation in each member of the sample. One measure is model dependent and comes
from the best fitting τ -models. In this section I briefly review the empirical methods

4.2.1

Estimates from [OII] emission

Nebular emission associated with star-forming regions can be used as a direct trace
of the young massive stellar population [Kennicutt, 1998]. The most reliable emission
line used in SFR estimation is Hα as it should scale directly with the fluxes of the
embedded stars. However, unfortunately, for the redshifts studied here (z > 1), the Hα
line is redshifted out of optical spectra. Higher order Balmer lines are also potential
SFR indicators when Hα is not available, but are not ideal candidates because they
are weaker than Hα and are more aﬀected by dust attenuation [Kennicutt, 1998]. The
strongest line blueward of Hα, in normal (non-AGN) galaxies, is the [OII]3726,3729
doublet. It is not as good a tracer of star-formation as Hα because it is sensitive to
metallicity, density and the ionisation state of the gas. However, using Hα [Kennicutt,
1998] and Hβ [Gallagher et al., 1989], the [OII] luminosity can be calibrated as a SFR
indicator.
For the galaxies in our sample the star-formation rate has been estimated from the
continuum subtracted flux of the [OII] emission line in the optical spectra, which is
then converted into a luminosity, and then a star-formation rate using the relation from
Kennicutt [1998],
SFR(M⊙ yr−1 ) = (1.4 ± 0.4) × 10−41 L[OII] (ergs s−1 ).

(4.4)

The errors on the amount of flux in the [OII] emission line were calculated using the
error spectrum for each object. The typical error on the [OII] flux is comparable to the
scatter on the relation between the luminosity of [OII] and the SFR.

4.2.2

Estimates from the rest-frame UV flux

It would be helpful to observe a region of a galaxy’s SED that scales linearly with SFR.
The rest-frame UV (∼ 1000−3000Å) provides this since in a galaxy that is forming stars
the UV continuum emission is dominated by O and B type stars with mass > 10M⊙ .
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For the redshift range of the galaxies in our sample the B-band observes the restframe UV region used in the star-formation rate estimated by Madau et al. [1998], i.e.
1500-2800Å(it is only the ∼5% at the extreme high redshift end where the majority of

the rest-frame region observed by the B-band is <1500Å). Therefore for all the galaxies
in our sample we can use the relation from Madau et al. [1998],
SF R(M⊙ yr−1 ) = 3.04 × 10−8−0.4MU V

(4.5)

where MU V is the absolute UV magnitude,
MU V = mB − 25.0 − 5 log(DL ) + 2.5 log(1 + z),

(4.6)

where mB is the apparent B-band magnitude, DL is the luminosity distance in Mpc,
25.0 is the zero point and z is the galaxy’s redshift. The constant in Equation 4.5 has
been corrected for a Chabrier IMF.
A SFR estimated from the UV is eﬀected by dust which must be corrected for.
This can be approached in two ways, either the UV flux can be corrected using the
Av recovered from the best-fitting model, or the UV SFR can be left uncorrected and
added to a SFR estimated from the far-infrared (FIR), if available, as this is the region
of the SED where the UV photons are remitted after being absorbed by the dust.

4.2.3

Estimates from 24µm flux

If a galaxy contains dust the UV photons emitted by the massive O and B type stars
can be absorbed by the dust. Therefore a galaxy can appear quiescent in rest-frame
UV and optical wavelengths. However in this case the UV photons get re-emitted in
the FIR with the peak of this emission at ∼ 100µm. Therefore with an estimation of
the total infrared luminosity you can calculate a star-formation rate. Ideally one would

like to therefore have a measure of the full bolometric as determined from observation
in the FIR (100 − 500µm). However, Elbaz et al. [2010] have shown that, at least out
to z ∼ 1.5, 24µm observations provide a, perhaps surprisingly, good estimate of SFR.

For the objects that have detections in the MIPS 24µm data a SFR can therefore

be estimated. To do this we have used the conversion from rest-frame 8µm to total
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infrared luminosity from Bavouzet et al. [2008],
LIR /L⊙ = 377.9 × (νLν /L⊙ )0.83
8µm ± 37%,

(4.7)

and the conversion from total infrared luminosity to SFR from Kennicutt [1998],
SF R(M⊙ yr−1 ) = 4.5 × 10−44 LIR .

(4.8)

The rest-frame 8µm luminosity conversion was chosen as this would involve the smallest
K-correction as < 24/(1 + z) > ≈ 10.5µm for our sample of galaxies. To acquire a restframe 8µm luminosity from a 24/(1+z)µm luminosity a model is required to calculate a

K-correction. We used the model from Lagache et al. [2003] assuming a starburst galaxy
with L = 1011 L⊙ . The model was normalised to match the 24/(1 + z)µm luminosity
by integrating the model over the 24µm MIPS filter. The rest-frame 8µm luminosity
was then recovered from the model by integrating over the IRAC 8µm filter.

4.3

Measurement of Spectral Features

Given the availability of high signal-to-noise spectra it is important to extract as much
information from the galaxy spectra as possible. Consequently, a code was written to
measure the 4000Å break (D4000, Bruzual [1983]), the equivalent width of the [OII]
emission line (EW[OII]), a UV spectral slope index (CI) and the Balmer break [Kriek
et al., 2006].
D4000 and the Balmer break are both defined as,
(λ2 − λ1 )

Break strength =

(λ4 − λ3 )

� λ2
λ

Fν dλ

λ3

Fν dλ

� λ14

,

(4.9)

where (λ1 , λ2 , λ3 , λ4 ) = (3750Å, 3950Å, 4050Å, 4250Å) for D4000 and (λ1 , λ2 , λ3 ,
λ4 ) = (3500Å, 3650Å, 3800Å, 3950Å) for the Balmer break.
The equivalent width of the [OII] emission was calculated as,
EW [OII] =

�

3741

3713

Fλ − Fc
dλ,
Fc

(4.10)
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where Fλ is the flux in the [OII] emission line and Fc is the continuum flux line underneath the emission line. Estimating the continuum beneath the line was done by
linearly interpolating between the mean flux in a pass-band either side of the line. The
pass-bands were defined as 3653-3713Å and 3741-3801Å.
It was decided to define the CI such that it covered as near to a featureless part of
the rest-frame UV spectrum as possible. CI is defined as,
CI = −2.5 log

�

Fν,1
Fν,2

�

(4.11)

where Fν,1 is the mean flux in the wavelength region 2925-3200Å and Fν,2 is the mean
flux in the wavelength region 3400-3700Å (3555-3630Å is excluded as this contains the
FeI 3585 feature). This is similar to a colour index defined by Cimatti et al. [2008]
which used the regions 2700-3100Å and 3100-3500Å. The colour index here is better
as it is was designed to avoid spectral features in the rest-frame UV. The colour index
from Cimatti et al. [2008] covers the MgU V feature [Daddi et al., 2005b], which is an
age and metallicity indicator, and also an unknown feature at ∼ 3235Å. The colour
index defined in Equation 4.11 estimates the slope of the UV continuum without any
contamination. Figure 4.5 shows the regions used to define the colour indices from
Cimatti et al. [2008] and Equation 4.11 in the upper and lower panels respectively. The
regions are shown as shaded grey areas enclosed by dashed black lines. The red dotted
lines highlight features in the rest-frame UV spectrum.

4.4

Velocity Dispersion Estimation

In elliptical or pressure supported galaxies the motion of the stars within the galaxies
produce a velocity dispersion that is present in the stellar spectral features within the
galaxy spectrum. It is assumed that the broadening of absorption features within the
galaxy spectra are the convolution of the stellar absorption features and the velocity
dispersion of the galaxy. Therefore with reference to a standard stellar spectra this
velocity dispersion can be estimated from the galaxy spectra.
For a spectrum of given dispersion the velocity resolution, R = λ/δλ, is better with
increasing wavelength i.e. the red end. Therefore the Ca IR Triplet 8498, 8542 & 8662
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Figure 4.5: The upper panel shows the regions used in the colour index definition from Cimatti
et al. [2008] and the lower panel is for the index defined in Equation 4.11. The regions are shown
as shaded grey areas enclosed by dashed black lines. The red dotted lines highlight features in
the rest-frame UV spectrum.

(e.g. Dressler 1984) and the CO absorption line at 2.29µm (e.g. Silge and Gebhardt
2003) are features commonly using for estimation of galaxy velocity dispersion. However, for high redshift galaxies these features are redshifted into the NIR, which contains
a lot of strong sky emission that can heavily contaminate the feature.
For high-redshift galaxies the only features with the potential of being used for
velocity dispersion estimates in optical spectra are MgII, MgI (together forming the
MgU V feature), the Balmer lines and Ca H & K. The Balmer line-widths are mainly
due to processes within the stars (for example the Hδ line may be dominated by rotation
and pressure broadening of A stars [Wolf and Sheinis, 2008] rather than influenced by
their motion within the galaxy. The galaxies in our sample are red so the highest signalto-noise features will come from the red end of the spectra. The Ca H & K features
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have a 40% higher velocity resolution than the MgU V feature. Therefore for all objects
with z ≤ 1.5 the Ca H & K absorption lines are the best candidates to use for the
velocity dispersion estimates. Many authors in the past have avoided using the Ca H &

K absorption features due to the features being placed next to the 4000Å break which
causes issues removing the continuum accurately. Also Ca H & K are intrinsically broad
and therefore are not suited for recovering small velocity dispersions [Dressler, 1984].
However, based on our stellar-mass estimates the galaxies in our sample are massive,
so reasonably high velocity dispersions are expected. Ca H & K are strong features
and therefore have the benefit of being usable in lower signal-to-noise spectra [Dressler,
1979].

4.4.1

Fitting Convolved Stellar Spectra to Galaxy Spectra

The velocity dispersions were estimated by fitting each galaxy spectra with stellar spectra convolved with a range of Gaussian distributions (assumed to represent the velocity
dispersion of the galaxy). Since a sample of stellar spectra containing high signal-tonoise Ca H & K features was required, the 215 stellar spectra from the STELIB Stellar
Library Le Borgne et al. [2003] that contain the Ca H & K features were chosen.
Attempting to fit the continuum across the the 4000Å break (i.e. a discontinuity in
the continuum) will often lead to the strengths of Ca H & K being wrongly estimated.
Depending on the flux levels blueward and redward of the 4000Å break, and the strength
of the break itself, the strength of the Ca H & K features can be underestimated or
overestimated by either fitting through or over the features. See Figure 4.6 for an
example.
Choosing a fitting region of 3915-3985Å for the Ca H & K features the above issues can be avoided by estimating the continuum using small pass-bands either side
and assuming, since the fitting region only spans a small wavelength range, that the
continuum through the fitting region can be estimated by a linear function.
Therefore using the mean flux in the two pass bands either side of the Ca H & K
features, 3900-3915Å and 3985-4000Å, a linear flux was constructed across the features
as an estimate of the continuum. This function is then divided through the spectrum
and error spectrum of the galaxy. This same procedure is applied to the stellar spectra,
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Figure 4.6: Example of a bad continuum fit through the Ca H & K features due to fitting the
continuum over too wide a wavelength range.

see Figure 4.7 for an example. The top panel shows the stellar spectra plotted in black
with the continuum fit in red and the grey shaded regions are the regions used to define
the slope. The lower panel shows the continuum divided spectrum, the grey region
shows the spectral range that will be used in the fitting process and the red dotted line
shows a relative flux level of 1.
A direct fitting method between the continuum divided Gaussian broadened stellar
and galaxy spectra was used to estimate the velocity dispersion of the target galaxies.
This method was chosen over Fourier methods (e.g. Sargent et al. 1977), which have
the advantage of simplifying the convolution stage of the calculation, as errors are more
easily incorporating in the fitting process. The best velocity dispersion estimate was
found by reducing the χ2 between the data and the Gaussian convolved star.
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Figure 4.7: Plot showing an example of the continuum fit across the Ca H & K features in
a stellar spectra from the STELIB Library. The top panel shows the stellar spectra plotted in
black with the continuum fit in red. The grey shaded regions are the regions used to define
the slope. The lower panel shows the continuum divided spectrum. The grey region shows
the spectral range used in the velocity dispersion fitting process. The red dotted line shows a
relative flux level of 1.
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Figure 4.8: Distribution of ∆σ for the SDSS galaxy sample for the test using the SDSS
templates at full resolution (1Å per pixel).

4.4.2

Testing the Method on SDSS Data

To test the velocity dispersion estimation method a sample of ∼1000 SDSS high signal-

to-noise spectra were used to see if the results obtained by the SDSS team [Bernardi,
2007] could be reproduced. Using the method described above various tests were run,
initially an attempt was made to reproduce the SDSS velocity dispersions by fitting the
Ca H & K region using the SDSS stellar templates at their high resolution of 1Å per
pixel. Let ∆σ be the diﬀerence in the velocity dispersion estimates of the SDSS and the
estimations made here. The distribution ∆σ for this initial test can be seen in Figure
4.8.
The test was repeated but with the SDSS stellar templates replaced with the stellar
spectra from the STELIB stellar library. See Figure 4.9 for the distribution of ∆σ from
this test, it is nearly identical to the distribution recovered from the test using the SDSS
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Figure 4.9: Distribution of ∆σ for the SDSS galaxies for the test using the STELIB Library
templates at full resolution (1Å per pixel).

templates indicating, that choice of template does not play an important role.
Next the SDSS galaxy spectra were binned up to 2.6Å, so they matched the resolution of the galaxy spectra in the sample studied here. The stellar spectra were
rebroadened to include an initial broadening with a Gaussian of σ ∼ 1.8 to account

for the diﬀerence in resolution introduced between the galaxy and stellar spectra. Figure 4.10 shows the distribution of ∆σ for the velocity dispersion recovered using the
SDSS templates after degrading the resolution of both the test galaxy spectra and the
templates.
As before this test was then repeated with the STELIB stellar library. This final
test is the method that would be used on the galaxy sample studied here. The ∆σ
distribution for the velocity dispersions recovered for the final test and can be seen in
Figure 4.11.
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Figure 4.10: Distribution of ∆σ for the SDSS galaxies for the test using the SDSS templates
after the resolution of both spectra and templates were degraded to 2.6Å per pixel.

From Figure 4.11 is can be concluded that the method used here can be used to estimate the velocity dispersions of elliptical galaxies, with a typical accuracy of ±76kms−1

which is consistent with our typical error of 45 if it is also assumed similar errors actually apply to the SDSS values. We thus conclude that our estimated uncertainties in
velocity dispersion are reasonable.

4.5

Composite Construction

To improve signal-to-noise and get a measurement of the typical spectral properties
of a galaxy sample, a powerful technique is to produce so-called composite spectra
composed of stacks of spectra grouped by redshift, type, stellar mass etc. This technique
is exploited in Chapter 7, and the methods adopted are outlined here.
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Figure 4.11: Distribution of ∆σ for the SDSS galaxies for the test using the STELIB Library
templates after the resolution of both spectra and templates were degraded to 2.6Å per pixel.

4.5.1

Spectral Composites

To stack spectra a common wavelength region is require so that each spectra can be
correctly normalised. If the spectra are not normalised to each other the final composite
will be biased towards the brighter objects in the sample which could obviously bias the
final characteristics of the composite. For example the brighter objects in the sample
could be more massive or have higher star-formation rates depending on what rest-frame
wavelengths are covered by the optical spectra. There could also be second order biases
from this, for example if you bias towards the more massive galaxies you could also be
biasing towards older galaxies.
Given the range of redshifts spanned by our sample there is not a common overlap
region which can be used to normalise all galaxies. Therefore we decided to make all
composite spectra in redshifts bins that will contain a common overlap region between
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Table 4.1: Definitions of redshift bins used for combining galaxy spectra.

Bin

Lookback times (Gyr)

Redshifts

1

6.25-7.75

0.691-1.009

2

7.75-8.25

1.009-1.138

3

8.25-8.75

1.138-1.291

4

8.75-9.25

1.291-1.472

5

9.25-10.75

1.472-2.294

all the galaxies in that bin. The science results from the composite spectra will come
from the redshift bin stacks but for presentation purposes composites from the full
redshift range are desirable. To produce composites spanning the full redshift space
of our sample we then combined the redshift bin composites. This is not ideal but we
believe it is better than the alternative of using a "master galaxy spectrum", around the
median redshift, that has overlapping regions with all the other spectra in the sample
and normalising all other spectra to that as in Abraham et al. [2004]. This will give a
SED shape bias to the final composite. For example if your "master galaxy spectrum"
is a red object then the lower redshift objects in your sample will be normalised to the
red, brighter end of the spectrum and the higher redshift objects to the fainter blue end
of the spectrum.
We defined redshift bins to cover equal periods of lookback in the epoch spanned
by the majority of our spectra, these are shown in Table 4.1. For each galaxy sample
the composite was constructed with the following procedure. Initially each galaxy spectra was de-redshifted to the rest-frame. The normalisation region was defined as the
maximum spectral wavelength overlap between the spectra in the sample. Each galaxy
was then normalised over this range. A master wavelength grid was then constructed
spanning the full range of the spectra included in the composite, with a pixel bin size
taken to be to the rest-frame pixel bin size of the galaxy with the median redshift in the
sample. A flux for each master pixel bin was then calculated as the weighted median of
all the pixels (and sub pixels) from the galaxies that have flux covering that pixel. The
error spectrum for each composite was produced by calculating the standard error on
all the points that made up a pixel bin on the final composite and times it by 1.253 to
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get the standard error on the median.
This process was then mimicked when stacking together the composites of the different redshift bins.

4.5.2

Photometric Composite

To maximise the information from each galaxy their photometry were also combined to
give information shortward and longward of the optical spectra.
Each galaxy’s photometry is converted to a flux, fλ , and normalised by the same
factor as the galaxy’s optical spectrum was in the creation of the spectral composite.
Each photometric point was taken to be a boxcar function with a width such that the
function had the same area as the original filter transmission with the height of that at
the eﬀective wavelength, see Figure 4.12 for an example of this for the H-band, where
the grey line shows the true filter profile for the H-band and the red boxcar function
shows the approximation.
Due to the fact that within a given redshift bin the span of redshifts is small an
average band measurement was created for each photometric band by taking the median
of all the fluxes for a band. The band width was taken to be the boxcar filter for that
band from the galaxy with the median redshift.
The analysis techniques described above have been used throughout this thesis to determine the physical characteristics of the spectroscopic K-band selected sample within
the UDS. The stellar mass and radii estimates are used to investigate the size-mass
relation at high-redshift and the velocity dispersion estimates present to opportunity
to determine dynamical masses and investigate this relation with model independent
galaxy mass estimates. The stellar mass estimates along with the SFR estimates are
used to derive specific star-formation rates (SSFRs) which are then used to divide the
galaxy sample into passively evolving and actively star-forming subsamples. The construction of composites is used to study the average properties and evolution of various
galaxy subsamples.
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Figure 4.12: The grey line shows the true filter profile for the H-band and the red boxcar
function shows the approximation used when constructing the photometric composite.
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Chapter 5

Massive Galaxies at 1.3 � z � 1.5
Massive galaxies at high-redshift are very important when constraining galaxy evolution
models as until recently they were theoretically predicted to only form at z ≤ 1 through
hierarchical clustering. Understanding these systems is going to play a crucial role in

developing theories to describe the Universe we observe. Accurate measurements of
their physical characteristics is required to gain this understanding. Here a unique
spectroscopic sample of high redshift K-band bright targets have been studied. Stellar
and dynamical-masses are used to investigate the high-redshift size-mass relation which
is far from being fully understood. Dynamical masses have been derived from the largest
single sample of velocity dispersions measurements at z > 1.3. Finally, specific starformation rates are calculated in order to estimate the passive fraction of the K-band
bright population at high-redshift. The redshift range 1.3 � z � 1.5 was chosen as
it gave the largest sample of galaxies at the highest redshifts while still including key
features with the wavelength range covered by the FORS2 spectra (e.g. MgU V , the
[OII] emission line and the 4000Å break.)

5.1

The Galaxy Sample

In order to extend spectral studies of massive galaxies at high-redshift into new territory
a sample was compiled of all the high-redshift objects, 1.3 � zspec � 1.5, that are bright
in the K-band, with Ktotal ≤ 21.5. This produced a sample of 82 high-redshift objects

(see Table 5.1 for the spectroscopic redshifts, K-band magnitudes and the R−K colours)
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Figure 5.1: K − (R − K) colour magnitude diagram for the galaxies in our sample. The solid

grey line shows R − K = 3.38, which is equivalent to a (R − K)V ega = 5 and the vertical grey
dashed line is a magnitude cut of K = 20.65 which separates a pure ERO sample from a mixed
sample.

with a mean redshift of <z>= 1.41, hereafter referred to as the K-Bright sample. One
of the FORS2 masks potentially contains a structure at z ∼ 1.32 for which 4 of the
members made it into the our sample, removing this structure does not change the

mean redshift. Figure 5.1 shows K vs. R − K plot for the galaxy sample, where the
solid grey line shows R−K = 3.38, which is equivalent to (R−K)V ega = 5, the standard

definition for an extremely red object (ERO). Overall, 61/82 (∼ 75%) of our sample are
EROs and have R − K > 3.38. Notably splitting the sample by K-band magnitude at
K < 20.65 (the vertical grey dashed line in Figure 5.1) produces two sub-samples with
100% and 60% EROs respectively
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Table 5.1: Basic properties of the K-Bright sample. Column 1 lists the IDs, columns 2 & 3
lists the RA and DEC (J2000) respectively, column 4 lists the spectroscopic redshift (typically
accuracy of ±0.002), column 5 lists the K-band magnitude (in a 3" aperture) and column 6
lists the R − K colours.

ID

RA

DEC

zspec

K

R-K

69422

02:18:43

-04:51:17

1.296

20.15

3.40

80073

02:18:08

-04:45:02

1.299

20.18

4.40

76779

02:17:36

-04:46:57

1.303

21.52

3.53

80464

02:18:35

-04:44:49

1.304

21.48

3.71

65948

02:17:27

-04:53:19

1.305

20.64

3.86

63940

02:16:46

-04:54:28

1.311

21.44

4.08

53901

02:19:15

-05:00:13

1.313

19.85

4.08

32058

02:18:47

-05:12:57

1.315

20.93

2.70

58266

02:19:19

-04:57:47

1.316

20.09

3.71

42643

02:19:12

-05:06:44

1.319

19.78

3.83

79330

02:17:19

-04:45:22

1.320

21.19

3.31

46450

02:19:09

-05:04:37

1.320

20.83

3.72

29501

02:18:46

-05:14:28

1.320

21.03

3.11

77399

02:17:05

-04:46:32

1.321

20.03

4.28

46091

02:19:09

-05:04:49

1.321

20.34

4.40

50618

02:19:12

-05:02:09

1.321

20.43

3.60

65792

02:19:14

-04:53:23

1.322

21.05

3.45

79998

02:17:20

-04:45:07

1.323

20.98

3.66

50326

02:17:37

-05:02:22

1.325

21.08

3.92

77581

02:18:02

-04:46:27

1.326

21.08

3.37

53783

02:17:59

-05:00:20

1.329

21.42

3.22

73006

02:16:55

-04:49:10

1.331

20.67

3.31

60493

02:19:20

-04:56:25

1.332

19.67

3.84

75483

02:16:58

-04:47:43

1.372

20.15

3.82

78289

02:18:05

-04:46:03

1.380

21.33

2.32

73717

02:17:22

-04:48:46

1.380

21.30

2.83

42941

02:17:38

-05:06:37

1.394

21.03

4.47

77327

02:18:03

-04:46:36

1.399

20.52

3.84

79158

02:17:59

-04:45:30

1.399

19.90

3.98
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Table 5.1: - continued

ID

RA

DEC

zspec

K

R-K

49095

02:18:47

-05:03:04

1.401

20.61

3.79

79274

02:17:06

-04:45:30

1.401

21.27

2.90

45629

02:19:10

-05:05:08

1.401

21.42

4.06

61110

02:18:33

-04:56:04

1.402

20.83

3.97

56208

02:16:24

-04:58:59

1.402

20.67

3.59

54647

02:18:50

-04:59:51

1.405

20.96

4.57

63911

02:16:18

-04:54:27

1.405

20.24

4.08

57918

02:18:34

-04:58:00

1.407

20.77

3.85

56439

02:17:23

-04:58:48

1.408

19.62

4.63

45372

02:18:32

-05:05:15

1.408

20.21

4.09

44194

02:19:25

-05:05:52

1.408

20.05

3.61

59320

02:16:07

-04:57:07

1.409

19.78

4.33

32227

02:16:59

-05:12:51

1.410

20.91

4.72

54522

02:17:32

-04:59:55

1.410

21.18

4.71

49961

02:17:37

-05:02:33

1.411

20.48

4.59

63237

02:18:08

-04:54:51

1.412

20.98

4.00

46492

02:18:39

-05:04:34

1.414

20.47

3.49

52436

02:17:36

-05:01:07

1.421

20.46

3.90

63675

02:16:52

-04:54:37

1.429

21.12

4.01

29788

02:16:59

-05:14:20

1.435

21.41

3.77

81348

02:17:03

-04:44:21

1.435

21.50

2.96

62125

02:17:19

-04:55:27

1.441

19.57

4.66

53841

02:17:02

-05:00:18

1.444

20.78

4.95

46886

02:17:06

-05:04:23

1.451

21.28

3.12

78217

02:17:22

-04:46:03

1.456

20.59

4.29

47359

02:18:42

-05:03:58

1.456

20.21

3.59

48550

02:18:06

-05:03:26

1.456

20.88

4.16

32476

02:17:59

-05:12:43

1.458

21.53

3.10

73600

02:17:06

-04:48:50

1.458

21.26

4.31

19851

02:18:07

-05:20:33

1.458

20.80

3.28

58689

02:17:19

-04:57:34

1.459

21.12

3.93

64357

02:17:17

-04:54:13

1.460

21.31

3.26
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Table 5.1: - continued

ID

RA

DEC

zspec

K

R-K

79138

02:17:21

-04:45:32

1.461

20.85

3.21

78923

02:17:21

-04:45:41

1.462

20.89

4.06

44334

02:17:25

-05:05:49

1.467

19.95

4.22

62775

02:16:49

-04:55:06

1.467

21.01

4.70

66424

02:17:01

-04:53:03

1.467

20.83

4.67

71384

02:17:26

-04:50:08

1.477

19.89

4.82

72088

02:17:19

-04:49:46

1.477

21.34

3.19

72815

02:17:30

-04:49:18

1.477

21.31

2.56

30838

02:16:58

-05:13:38

1.477

21.54

2.61

60843

02:18:40

-04:56:14

1.478

21.25

2.83

53230

02:18:51

-05:00:36

1.478

20.35

3.42

70067

02:17:24

-04:50:56

1.478

20.96

3.98

56151

02:18:44

-04:59:01

1.483

20.78

4.06

52354

02:16:53

-05:01:11

1.483

21.42

1.86

48451

02:19:14

-05:03:25

1.485

20.15

4.35

29201

02:17:20

-05:14:41

1.485

21.44

3.30

43168

02:18:34

-05:06:28

1.491

21.12

3.73

47774

02:18:30

-05:03:50

1.497

20.94

3.78

50229

02:18:38

-05:02:24

1.498

21.02

3.46

54253

02:16:23

-05:00:02

1.502

20.39

4.27

61727

02:18:02

-04:55:44

1.505

20.67

4.99
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Table 5.2: Table describing the parameter space of the τ and two component burst (TCM)
stellar population models used to fit the K-Bright sample. Large values of τ are allowed
to approximate constant star-formation. In the TCM models the age of the young stellar
component is not allowed to exceed that of the old component. The age of the τ model and of
the old stellar component in the TCM models is not allowed to exceed that of the age of the
Universe at a given redshift.

Model Type
τ

Parameters
τ : 0.1, 0.3, 0.5, 1, 3, 5, 10Gyr
Metallicity: 0.2, 0.4, 1, 2.5Z⊙

Age: 0.001Gyr - Age of Universe
TCM

Met. of old pop: 0.2, 1Z⊙

Age of old pop: 0.5Gyr - Age of Universe
Met. of young pop: 0.2, 1, 2.5Z⊙

Age of young pop: 0.01 − 0.5Gyr

Flux fraction of young pop: 0.0 − 1.0

5.2

Spectrophotometric Fits to the Targets

Using the spectrophotometric fitting process described in Section 4.1 and the parameter
space described in Table 5.2 each galaxy was fitted to a model grid of up to ∼ 5 × 105

models per object, depending on the galaxy’s redshift. The best-fitting parameters for
each galaxy for the τ and TCM models can be seen in Tables 5.3 and 5.4 respectively,
and four example spectrophotometric fits are shown in Figure 5.2. In Figure 5.2 the
optical galaxy spectra are plotted in black, the error spectra are green, the photometry
is in red and the best-fitting models are plotted in grey. The left panel of each row
shows the full fit and the right panel shows a close up of the fitting region containing
the optical spectra. For presentation purposes the optical spectra have been smoothed
by a 5 pixel boxcar.

5.2.1

Galaxy Stellar-Mass Estimates

A stellar-mass estimate can be acquired from the best-fitting model from the spectrophotometric fitting process. Two mass estimates are available for each galaxy, one
99
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Table 5.3: The best-fitting parameters for each galaxy from the spectrophotometric fits with
exponentially decaying star-formation rate models (τ models). Column 1 is the object’s ID,
column 2 in the τ of the model, column 3 is the metallicity relative to solar, column 4 is the
model age, column 5 is the ratio of age to τ , column 6 is the required amount of reddening
via the Calzetti Law [Calzetti et al., 2000] and column 7 is the stellar-mass of the best-fitting
model. Uncertainty in the mass is derived by marginalising over all τ s, metallicities, ages and
Av s for the single component models. The uncertainty is relatively small because the redshift
is accurately determined and here we are only considering τ models.

ID

τ

Met.

Age

Age/τ

Av

(Gyr)

(Z/Z⊙ )

(Gyr)

69422

0.3

0.4

2.30

7.7

0.3

80073

0.3

2.5

2.20

7.3

0.2

76779

0.3

0.2

1.61

5.4

0.4

80464

0.3

0.4

1.61

5.4

0.4

65948

0.3

0.2

2.10

7.0

0.6

63940

0.3

1.0

2.30

7.7

0.1

53901

0.5

1.0

3.50

7.0

0.2

32058

0.3

0.2

1.70

5.7

0.0

58266

1.0

0.2

4.25

4.3

0.6

42643

0.5

0.2

4.00

8.0

0.5

79330

0.3

2.5

0.64

2.1

1.5

29501

1.0

0.2

3.25

3.3

0.6

46450

0.3

0.2

2.20

7.3

0.5

77399

0.3

2.5

1.80

6.0

0.4

46091

0.3

0.2

3.25

10.8

0.6

50618

0.5

2.5

3.00

6.0

0.0

65792

0.5

2.5

2.60

5.2

0.0

79998

0.3

0.4

2.00

6.7

0.1

50326

0.5

0.2

4.25

8.5

0.1

77581

0.3

0.4

1.80

6.0

0.0

53783

0.3

0.2

1.80

6.0

0.1

73006

0.3

0.2

1.14

3.8

0.8

60493

0.3

2.5

2.10

7.0

0.0

75483

0.3

0.4

2.20

7.3

0.2

78289

0.3

1.0

1.14

3.8

0.0

73717

0.3

0.2

0.01

0.0

3.0

42941

0.3

1.0

1.68

5.6

0.9

M�
(1011 M⊙ )
1.31+0.10
−0.10
1.22+0.12
−0.05
0.14+0.04
−0.02
0.19+0.02
−0.02
0.56+0.05
−0.07
0.32+0.01
−0.03
2.18+0.29
−0.87
0.28+0.03
−0.01
1.37+0.20
−0.03
2.62+0.03
−0.23
0.31+0.19
−0.02
0.44+0.10
−0.17
0.64+0.05
−0.05
1.15+0.54
−0.14
1.23+0.44
−0.12
1.27+0.06
−0.25
0.57+0.09
−0.20
0.34+0.08
−0.04
0.56+0.04
−0.03
0.26+0.10
−0.00
0.22+0.03
−0.01
0.39+0.06
−0.03
2.12+0.05
−0.22
1.21+0.10
−0.16
0.20+0.03
−0.04
0.11+3.57
−0.01
0.55+0.08
−0.05
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Table 5.3: - continued

ID

τ

Met.

Age

Age/τ

Av

(Gyr)

(Z/Z⊙ )

(Gyr)

77327

0.3

1.0

2.10

7.0

0.0

79158

0.3

1.0

1.90

6.3

0.4

49095

0.5

0.2

3.00

6.0

0.2

79274

0.5

1.0

1.90

3.8

0.1

45629

0.3

0.2

2.60

8.7

0.4

61110

0.3

0.2

4.25

14.2

0.2

56208

0.3

0.2

2.10

7.0

0.2

54647

0.5

0.2

4.00

8.0

0.4

63911

0.3

1.0

2.10

7.0

0.0

54647

0.5

0.2

4.00

8.0

0.4

57918

0.5

0.2

4.00

8.0

0.1

56439

0.3

0.4

2.30

7.7

0.7

45372

0.3

2.5

2.10

7.0

0.0

44194

0.5

1.0

2.60

5.2

0.2

54522

0.3

1.0

2.10

7.0

0.4

59320

0.3

1.0

1.80

6.0

0.4

32227

0.5

1.0

2.20

4.4

1.25

54522

0.5

0.2

3.25

6.5

0.8

49961

0.3

1.0

2.00

6.7

0.4

63237

0.3

0.4

1.80

6.0

0.3

46492

0.3

0.2

1.70

5.7

0.3

52436

0.3

0.2

1.90

6.3

0.6

63675

0.3

1.0

0.72

2.4

2.0

81348

0.5

1.0

2.30

4.6

0.0

29788

0.3

1.0

1.80

6.0

0.2

62125

0.5

0.2

4.25

8.5

0.5

53841

0.3

0.4

1.61

5.4

1.25

46886

0.5

1.0

2.00

4.0

0.1

78217

0.3

0.4

2.00

6.7

0.3

48550

0.3

1.0

1.61

5.4

0.5

47359

0.3

1.0

2.00

6.7

0.0

M�
(1011 M⊙ )
0.85+0.04
−0.08
1.82+0.21
−0.06
0.70+0.11
−0.23
0.29+0.04
−0.01
0.45+0.04
−0.02
1.02+0.05
−0.13
0.64+0.03
−0.06
0.87+0.03
−0.11
1.01+0.00
−0.13
0.85+0.04
−0.11
0.94+0.08
−0.05
3.02+0.24
−0.19
1.43+0.11
−0.16
1.39+0.07
−0.19
0.51+0.07
−0.04
1.52+0.23
−0.20
0.86+0.09
−0.09
0.65+0.14
−0.24
0.96+0.14
−0.04
0.35+0.05
−0.01
0.52+0.01
−0.01
0.92+0.03
−0.09
0.58+0.16
−0.08
0.31+0.05
−0.12
0.34+0.05
−0.05
4.22+0.66
−0.20
0.69+0.04
−0.15
0.33+0.01
−0.01
0.70+0.02
−0.12
0.54+0.08
−0.02
1.35+0.14
−0.14
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Table 5.3: - continued

ID

τ

Met.

Age

Age/τ

Av

(Gyr)

(Z/Z⊙ )

(Gyr)

32476

0.5

1.0

2.10

4.2

0.1

73600

0.3

1.0

2.10

7.0

0.1

19851

0.3

1.0

1.43

4.8

0.3

58689

0.3

1.0

1.80

6.0

0.2

64357

0.3

1.0

1.61

5.4

0.0

79138

0.3

1.0

1.61

5.4

0.0

78923

0.3

1.0

2.30

7.7

0.0

44334

0.3

1.0

2.10

7.0

0.1

62775

0.3

0.4

1.70

5.7

0.9

66424

0.5

1.0

3.25

6.5

0.4

71384

0.5

1.0

3.75

7.5

0.0

72088

0.3

1.0

1.43

4.8

0.1

72815

0.3

1.0

0.64

2.1

1.0

30838

0.3

0.4

0.45

1.5

1.25

70067

0.3

1.0

2.10

7.0

0.0

60843

0.3

1.0

1.43

4.8

0.0

53230

0.5

1.0

2.60

5.2

0.0

56151

0.3

0.4

2.40

8.0

0.0

52354

0.3

0.2

0.90

3.0

0.0

29201

0.3

0.4

1.43

4.8

0.2

48451

0.5

1.0

2.75

5.5

0.6

43168

0.3

1.0

1.70

5.7

0.1

47774

0.3

1.0

1.70

5.7

0.0

50229

0.3

1.0

1.80

6.0

0.0

54253

0.5

1.0

3.50

7.0

0.0

61727

0.3

0.2

2.75

9.2

0.5

M�
(1011 M⊙ )
0.30+0.01
−0.01
0.45+0.07
−0.02
0.50+0.30
−0.06
0.45+0.19
−0.06
0.32+0.18
−0.08
0.53+0.06
−0.10
0.82+0.07
−0.07
1.49+0.07
−0.20
0.50+0.16
−0.01
1.05+0.15
−0.29
2.73+0.42
−0.38
0.29+0.27
−0.07
0.30+0.01
−0.03
0.17+6.92
−0.01
0.63+0.4
−0.06
0.37+0.03
−0.01
1.23+0.17
−0.51
0.80+0.06
−0.06
0.16+0.02
−0.01
0.22+0.13
−0.02
2.19+0.33
−0.74
0.43+0.05
−0.01
0.50+0.10
−0.14
0.59+0.31
−0.07
1.73+0.26
−0.34
0.98+0.24
−0.19

102

0.2

0.2

1.0

1.0

1.0

0.2

0.2

32058

58266

42643

79330

29501

46450

77399

1.0

1.0

53901

65792

0.2

63940

1.0

0.2

65948

50618

1.0

80464

0.2

1.0

76779

46091

1.0

80073

103
2.75

2.50

3.50

4.50

3.50

2.30

1.28

2.30

4.50

1.02

4.25

4.50

1.61

0.72

1.28

4.50

4.50

(Gyr)

(Z/Z⊙ )

0.2

Old Pop. Age

Old Pop. Met.

69422

ID

0.2

0.2

2.5

0.2

2.5

0.2

2.5

0.2

2.5

2.5

0.2

2.5

2.5

0.2

0.2

1.0

1.0

(Z/Z⊙ )

Young Pop. Met.

determined and here we are only considering the TCM models.

0.03

0.03

0.51

0.20

0.51

0.10

0.10

0.29

0.10

0.29

0.07

0.29

0.14

0.01

0.36

0.36

0.51

(Gyr)

Young Pop. Age

0.0

0.1

0.7

0.9

0.2

0.4

0.5

0.3

0.7

0.1

0.2

0.4

0.5

0.8

0.1

0.2

0.3

Av

0.23+0.03
−0.03
0.45+0.07
−0.01
0.52+0.03
−0.16
3.15+0.18
−0.54
0.20+0.05
−0.02
1.75+0.26
−0.11
2.17+1.16
−0.33
0.21+0.11
−0.03
0.56+0.04
−0.18
0.53+0.05
−0.07
2.11+0.31
−1.02
1.30+0.22
−0.23
1.05+0.48
−0.10
0.63+0.31
−0.04

0.13+0.10
−0.00

1.94+0.11
−0.09

1.83+0.27
−0.07

(1011 M⊙ )

M�

0.001

0.001

0.100

0.020

0.200

0.020

0.100

0.010

0.020

0.400

0.001

0.020

0.005

0.002

0.100

0.010

0.050

Mass Fraction

ages, Av s and young component mass fractions for the two component models. The uncertainty is relatively small because the redshift is accurately

8 is the fraction of mass that resides in the younger stellar component. Uncertainty in the mass is derived by marginalising over all metallicities,

is the required amount of reddening via the Calzetti Law [Calzetti et al., 2000], column 7 is the stellar-mass of the best-fitting model and column

population, column 4 is the metallicity of the younger stellar population, column 5 is the age estimate of the younger stellar population, column 6

Column 1 is the ID of the object, column 2 is the metallicity of the older stellar population, column 3 is the age estimate of the old stellar

Table 5.4: The best-fitting parameters for each galaxy from the spectrophotometric fits with the two component burst models (TCM models).
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0.2

0.2

0.2

0.2

1.0

1.0

0.2

0.2

1.0

0.2

1.0

0.2

1.0

1.0

0.2

1.0

0.2

1.0

0.2

0.2

0.2

50326

77581

53783

73006

60493

75483

78289

73717

42941

77327

79158

49095

79274

45629

61110

56208

54647

63911

54647

57918

56439

104
4.25

4.25

4.25

2.75

4.25

4.25

4.25

0.90

1.61

3.75

3.75

4.25

0.90

2.30

4.50

1.80

4.50

4.50

4.50

4.50

3.75

2.50

(Gyr)

(Z/Z⊙ )

1.0

Old Pop. Age

Old Pop. Met.

79998

ID

1.0

2.5

0.2

2.5

2.5

1.0

2.5

2.5

0.2

0.2

2.5

2.5

0.2

2.5

2.5

0.2

2.5

0.2

1.0

0.2

1.0

0.2

(Z/Z⊙ )

Young Pop. Met.

0.51

0.36

0.29

0.36

0.29

0.51

0.51

0.51

0.07

0.10

0.36

0.36

0.01

0.10

0.10

0.36

0.29

0.36

0.36

0.29

0.14

0.51

(Gyr)

Young Pop. Age

Table 5.4: - continued

0.8

0.0

0.4

0.0

0.5

0.0

0.2

0.5

0.1

0.3

0.2

0.2

1.25

0.1

0.1

0.0

0.1

0.6

0.2

0.1

0.1

0.1

Av

0.63+0.07
−0.26
0.45+0.07
−0.08
0.61+0.29
−0.38
3.57+0.51
−0.89
1.08+0.13
−0.12
0.45+0.07
−0.09
0.28+0.05
−0.02
0.58+0.72
−0.05
1.25+0.04
−0.05
2.82+0.21
−0.37
1.13+0.30
−0.28
0.33+0.37
−0.09
0.30+0.16
−0.05
0.91+0.14
−0.04
1.14+0.16
−0.14
1.04+0.00
−0.22
1.35+0.46
−0.08
0.96+0.13
−0.15
0.89+0.17
−0.09
4.66+0.70
−0.62

0.56+0.11
−0.08

0.58+0.27
−0.11

(1011 M⊙ )

M�

0.050

0.020

0.005

0.050

0.020

0.100

0.050

0.300

0.020

0.005

0.050

0.050

0.001

0.050

0.050

0.020

0.020

0.200

0.100

0.020

0.001

0.050

Mass Fraction
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1.0

0.2

1.0

1.0

1.0

1.0

0.2

1.0

1.0

0.2

1.0

1.0

1.0

63237

46492

52436

63675

81348

29788

62125

53841

46886

78217

48550

47359

32476

1.0

1.0

49961

58689

1.0

54522

1.0

1.0

32227

19851

1.0

59320

1.0

0.2

54522

73600

1.0

44194
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3.75

0.72

1.61

2.50

1.80

1.61

4.25

2.50

3.75

4.25

3.00

1.61

2.00

4.25

4.25

1.80

3.75

4.25

1.28

2.00

4.25

3.00

2.00

(Gyr)

(Z/Z⊙ )

1.0

Old Pop. Age

Old Pop. Met.

45372

ID

2.5

0.2

2.5

1.0

0.2

1.0

2.5

2.5

0.2

0.2

1.0

0.2

2.5

1.0

2.5

2.5

1.0

2.5

0.2

1.0

2.5

2.5

2.5

(Z/Z⊙ )

Young Pop. Met.

0.36

0.05

0.14

0.10

0.07

0.03

0.14

0.07

0.29

0.20

0.36

0.01

0.07

0.51

0.14

0.05

0.36

0.36

0.01

0.07

0.36

0.10

0.29

(Gyr)

Young Pop. Age
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0.4

0.7

0.2

0.1

0.0

0.4

0.3

0.1

0.9

0.5

0.1

0.0

1.25

0.5

0.6

0.3

0.2

0.5

0.9

0.4

0.8

0.1

0.1

Av

1.76+0.10
−0.29
0.80+0.05
−0.08
2.07+0.44
−0.46
0.49+0.38
−0.06
0.91+0.05
−0.24
1.62+0.16
−0.09
0.59+0.03
−0.06
1.33+0.20
−0.62
1.47+0.22
−0.40
0.76+0.47
−0.23
0.32+0.05
−0.02
0.51+0.20
−0.21
4.74+0.00
−0.87
1.56+0.36
−0.87
0.49+0.10
−0.15
1.27+0.06
−0.24
0.65+0.18
−0.03
1.51+0.08
−0.24
0.45+0.23
−0.08
0.45+0.08
−0.05
0.54+0.76
−0.02
0.66+0.11
−0.28

1.06+0.32
−0.09

(1011 M⊙ )

M�

0.200

0.020

0.010

0.020

0.002

0.002

0.010

0.020

0.020

0.001

0.050

0.001

0.05

0.200

0.050

0.005

0.020

0.050

0.001

0.005

0.100

0.010

0.050

Mass Fraction
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1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.2

0.2

1.0

1.0

0.2

1.0

0.2

1.0

1.0

1.0

0.2

1.0

1.0

1.0

79138

78923

44334

62775

66424

71384

72088

72815

30838

70067

60843

53230

56151

52354

29201

48451

43168

47774

50229

54253

61727

106
1.28

2.75

1.61

4.00

2.00

4.00

0.90

0.90

1.02

4.25

1.02

2.50

3.50

1.28

1.02

3.75

3.00

0.90

2.00

2.00

1.02

1.61

(Gyr)

(Z/Z⊙ )

1.0

Old Pop. Age

Old Pop. Met.

64357

ID

0.2

0.2

2.5

0.2

0.2

2.5

2.5

1.0

0.2

0.2

2.5

0.2

0.2

2.5

0.2

0.2

0.2

1.0

1.0

2.5

1.0

2.5

(Z/Z⊙ )

Young Pop. Met.

0.36

0.07

0.03

0.05

0.36

0.20

0.05

0.05

0.36

0.03

0.10

0.05

0.07

0.10

0.03

0.14

0.05

0.10

0.20

0.51

0.01

0.14

(Gyr)

Young Pop. Age
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0.0

0.0

0.0

0.0

0.1

0.4

0.4

0.2

0.1

0.0

0.0

0.0

1.0

0.4

0.2

0.0

0.4

1.5

0.1

0.0

0.0

0.1

Av

0.59+0.09
−0.04
1.63+0.28
−0.13
0.74+0.34
−0.11
1.23+0.39
−0.31
3.32+0.35
−0.15
0.32+0.21
−0.04
0.14+0.48
−0.00
0.47+0.01
−0.24
0.96+0.08
−0.10
0.30+0.03
−0.03
1.59+0.07
−0.64
0.57+0.01
−0.07
0.20+0.37
−0.05
0.31+0.01
−0.05
2.69+0.40
−0.66
0.53+0.05
−0.08
0.89+0.12
−0.32
0.64+0.08
−0.00
1.60+0.24
−0.14
0.41+0.07
−0.01

0.45+0.27
−0.01

0.36+0.03
−0.08

(1011 M⊙ )

M�

0.005

0.001

0.002

0.002

0.050

0.020

0.020

0.100

0.005

0.001

0.050

0.001

0.100

0.400

0.005

0.001

0.001

0.050

0.010

0.200

0.001

0.050

Mass Fraction
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Figure 5.2: Plots illustrating the spectrophotometric fitting process for four example objects
from the K-Bright sample. The left-hand panel shows the combined fit to the spectrum and
photometry, while the right-hand panels are a zoom in showing the model fit through the
spectrum in detail. The optical spectrum is in black, the error spectrum is in green, the
photometry is in red and the best-fitting model is in grey. For presentation purposes the
optical spectra has been smoothed by a 5 pixel boxcar.
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from the fit to the stellar synthesis models with exponentially decaying star-formation,
τ models, and one from the two component models, TCM models. The galaxy mass
can be directly recovered from the fits as all the models are normalised to be 1M⊙ and
the CB07 models provide a table of eﬀective M/L ratio as a function of population age.
The errors on the mass are found by correcting all the χ2 such that the best-fitting
model has a χ2 equal to the degrees of freedom (DOF). The plus and minus errors on
the mass are calculated from the smallest and largest masses of the models that have a
corrected χ2 ≤ DOF + 1.0 (marginalising over all the parameters). This method was

adopted because, as discussed previously, the models are unable to accurately reproduce
the optical spectra in detail (see Section 4.1). Therefore, apart from the galaxies with
low signal-to-noise, it is unlikely a statistically acceptable fit would be found. The fits
with the TCM and τ models had median reduced χ2 s of 2.7 and 2.8 respectively. The
uncertainty on the mass estimates is relatively small because the redshift is accurately
determined and here we are only considering the TCM models.
The distribution of the masses recovered from these two sets of models can be
seen in Figure 5.3, where the masses recovered from the τ models are presented in
the upper panel and the masses recovered from the fits with the TCM models can be
seen in the lower panel. The median mass recovered from the fits to the τ models was
5.9 ± 1.0 × 1010 M⊙ where for the TCM models it is 6.6 ± 1.3 × 1010 M⊙ . It is noteworthy

that both estimates are in reasonable agreement, and both confirm (as expected) that
K < 21.5 galaxies at z > 1 are massive systems.
For the majority of the galaxies in the sample the stellar-masses estimated from the
two diﬀerent sets of models are consistent to within a factor of 2. This can be seen
in Figure 5.4, the grey solid line shows the one-to-to relation and the the dashed lines
enclose a region where the masses vary by up to a factor of two. It is noticeable that
the majority of the galaxies sit above the one-to-one relation indicating that the fits to
the TCM models often recover larger mass estimates than fits to the τ models. This is
to be expected as the TCM models can be thought to estimate the maximal mass of the
galaxy since, when using two bursts, the old component is free to fully satisfy fitting the
mass dominated part of the spectra while the young component can be used to fit any
residual and/or recent star-formation without compromising the fit to the NIR bands.
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Figure 5.3: Histograms of the distribution of stellar-masses from the spectrophotometric fits
with the τ (upper panel) and TCM (lower panel) models.

Given that the stellar-mass estimates from both models are comparable, to avoid
constantly quoting two stellar-mass estimates, the stellar-mass estimates from the TCM
models are adopted from now on. None of the proceeding science results are aﬀected
by this decision.

5.2.2

Galaxy Ages from the Two Component Models

Direct estimates of the galaxy ages can be extracted from the TCM model fits. Of
particular interest within this context is the age of the old (mass-dominant) component,
which can provide interesting information on the mass assembly epoch of these galaxies.
The median age of the galaxies in this study is 2.75 ± 0.2 Gyrs at <z>= 1.41 which

implies that these galaxies are already old at high-redshift. Figure 5.5 is a redshift
versus age plot for the galaxies in the sample, in which the grey solid line shows the
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Figure 5.4: A comparison of the masses recovered from the spectrophotometric fits with the τ
and TCM models. The grey solid line shows the one-to-to relation and the dashed lines enclose
a region where the masses vary by up to a factor of two.

age of the Universe and the grey dashed lines show 25%, 50%, and 75% of the age of
the Universe at each redshift. From the sample 34/82 ≈ 41.5% have ages greater than

75% the age of the Universe at their redshift. It is also noticeable that 25/82 ≈ 30.5%
of the sample have ages that are over 90% that of the Universe.

The median age of the young population in the best-fitting models is 0.14 Gyrs. The
fitting suggests that ≈ 68% (56/82) of the sample have had an episode of star-formation

in the last 300Myrs. However, the fits to the TCM models also show that typically the
young stellar population make up only 2% of the systems mass.
Splitting the galaxy sample by mass shows that the most massive systems are the
also the oldest in the Universe. Figure 5.6 is a reproduction of Figure 5.5 but with
galaxies colour coded depending on their estimated stellar mass. The blue and red dots
represent galaxies with stellar-masses less than and greater than 1011 M⊙ respectively.
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Figure 5.5: Redshift versus age plot for the galaxies in our sample. The grey solid line shows
the age of the Universe at each redshift. The grey dashed lines show 25%, 50% and 75% of the
age of the Universe at each redshift. The area above the solid grey line was forbidden within
the fitting process.

The galaxies with stellar-masses less than 1011 M⊙ have a median age that is 40% of
the age of the Universe, whereas the more massive systems have a median age that is
90% the age of the Universe.

5.3

Galaxy Radii

The galaxy radii were estimated from the deep K-band imaging available in the UDS as
the near-IR (NIR) bands are good for size estimations at high-redshift since they trace
the rest-frame optical light of the galaxies which is a better tracer of the stellar-mass
distribution than the rest-frame UV.
The galaxy radii were supplied by Dr Emma Curtis-Lake. The radii were calculated
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Figure 5.6: Redshift versus age plot for the galaxies in our sample. The grey solid line shows
the age of the Universe at each redshift. The grey dashed lines show 25%, 50% and 75% of
the age of the Universe at each redshift. The blue and red dots represent galaxies with stellarmasses less than and greater than 1011 M⊙ respectively. The area above the solid grey line was
forbidden within the fitting process.

using a modified version of GALAPAGOS [Barden et al 2009] and GALFIT [Peng
et al., 2002]. GALAPAGOS is a wrapper script for GALFIT that runs source extraction
(SExtractor, Bertin and Arnouts 1996) and fits single Sèrsic profiles to each object in
the image, taking initial parameters from the SExtractor catalogue. The advantage
of GALAPAGOS to using GALFIT alone is that it has an algorithm for background
estimation and it will fit to any nearby objects that could influence the fit. For each
object it produces a tile of the image and masks any other objects in the image using
the SExtractor segmentation map.
Here the code was run on regions of the K-band image with the object of interest in
the centre and it was adapted to introduce a loop over Re , Sérsic index and background
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to estimate accurate errors on these parameters from contours of constant ∆χ2 . Each of
the parameters was kept constant and the overall normalisation of the profile minimised
to minimise the χ2 value at each point in the grid. To ensure that the background was
not used to compensate for other features in the profile at diﬀerent Sèrsic indices (for
example at small Sèrsic index, a very small radius can be fitted to a disk galaxy with
prominent bulge if the background is allowed to compensate for the disk brightness),
all of the background pixels in a limited area around the object that contributed to a
clipped histogram of the background counts (determined by 3-sigma clipping) and not
masked as contributing to another object in the segmentation image, were included in
the calculation of χ2 . The histogram of background counts is quite flat at the peak
in the UDS K-band image and it is within this peak that the background is varied
within the grid. The resulting 3D contours showed that the derived Sérsic index and
Re correlate with the background, even in this small range of allowed background values. Including the loop over the background value increases the size of the confidence
contours significantly and as such gives a much better representation of the true errors
involved in the fitting.

5.4

The Size Stellar-mass Relation at High-Redshift

Recently high-redshift surveys have unveiled what appears to be a mysterious result:
massive galaxies at high-redshift appear much more compact than would be expected
at low-redshift. Several authors have found high-redshift ETGs to be a factor 4 smaller
than their low-redshift counterparts making them almost two orders of magnitudes
denser. A compilation of the size-mass relation data for the various samples in the
literature can be seen in Figure 5.7. The grey line is the local relation from the SDSS
data Shen et al. [2003] with the typical dispersion on the radii shown with the grey
dotted lines. The median redshift of the local sample is z ≈ 0.1. The diﬀerent symbols

correspond to other studies of the size-mass relation performed at moderate to highredshift. The grey filled squares are 7 passively evolving ETGs from the Hubble Ultra
Deep Field (UDF) with spectroscopic redshifts in the range 1.4 ≤ z ≤ 2.5 from Daddi
et al. [2005b] and the filled green squares are 9 massive ETGs at z ∼ 1.5 from Longhetti

et al. [2007] with stellar-masses from Longhetti et al. [2005]. For the full list of symbols
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see the caption of Figure 5.7. As far as one can tell all authors have defined galaxy
size via the half-light radius and, to as far as possible ensure further consistency all
the stellar-masses from diﬀerent studies and the local relation have been corrected to a
Chabrier initial mass function (IMF) Chabrier [2003] using the conversions in Cimatti
et al. [2008]. It is clear that the majority of the galaxies, over the whole mass range, sit
below the local relation.
Even though "early-type galaxy" samples are compared to the early-type galaxy
relation from Shen et al. [2003] diﬀerent authors have diﬀerent selection methods for
creating their ETG samples. The local relation from Shen et al. [2003], that all samples
are compared to, is based on the morphology of the galaxy such that the Séric index
is n > 2.5. None of the studies plotted on Figure 5.7 follow this selection technique
exactly. Daddi et al. [2005b], Longhetti et al. [2007], di Serego Alighieri et al. [2005],
Cimatti et al. [2008] and part of the Rettura et al. [2006] sample were classified as
ETGs based on the galaxy spectra indicating they were evolved systems. McGrath
et al. [2008] and Mancini et al. [2010] used morphologies along with spectral or SED
shapes to define their sample while part of the Rettura et al. [2006] sample was simply
made from a colour cut.
The size-mass relation for the K-Bright sample can be seen in Figure 5.8. Again, the
grey line is the local relation from the SDSS data Shen et al. [2003] with the dispersion
on the radii shown by the grey dotted lines. From the K-Bright sample 13/82 galaxies sit
above the local relation with an mean stellar-mass of ∼ 0.4 × 1011 M⊙ , 30/82 galaxies sit
within the errors of the local relation with an mean stellar-mass of ∼ 0.9 × 1011 M⊙ and

39/82 galaxies sit below the local relation with an mean stellar-mass of ∼ 1.4 × 1011 M⊙ .

Therefore we see a trend with mass, with the lower mass objects sitting on (or above) the
local relation and the higher mass objects sitting below the relation. The sample spans
fully across the local relation but, as the sample is far from complete at < 4 × 1010 M⊙ ,

it is diﬃcult to draw solid conclusion regarding the lower mass objects. Previous studies
have little to no objects with stellar-masses < 4 × 1010 M⊙ so this region still represents
unknown territory in terms of the high-redshift size-mass relation.

Figure 5.9 shows the same information as Figure 5.8 but the objects have been
grouped into five stellar-mass bins, < 5 × 1010 M⊙ , 5 − 7.5 × 1010 M⊙ , 7.5 × 1010 − 1 ×
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Figure 5.7: Stellar-mass versus radii plot for high-redshift galaxies. The grey line is the local
relation from the SDSS data [Shen et al., 2003] with the dispersion on the radii shown by the
grey dotted lines.. The grey filled squares are 7 passively evolving ETGs from the Hubble Ultra
Deep Field (UDF) with spectroscopic redshifts in the range 1.4 ≤ z ≤ 2.5 from Daddi et al.
[2005b]. The filled green squares are 9 massive ETGs at z ∼ 1.5 from Longhetti et al. [2007]

with stellar-masses from Longhetti et al. [2005]. The purple diamonds are 5 (excluding the
merger) passively evolving luminous red galaxies at z ∼ 1.5 from McGrath et al. [2008]. The

black crosses are 12 ultra-massive passively evolving ETGs with zphoto > 1.4 from the COSMOS
field from Mancini et al. [2010]. The filled black circles are 13 old and passive ETGs from the
GMASS survey from Cimatti et al. [2008]. The open blue circles are 17 passive ETGs at z ∼ 1

in the K20 survey from di Serego Alighieri et al. [2005]. The open red triangles are 40 ETGs at
z ∼ 1 from Rettura et al. [2006] with stellar-masses from Fontana et al. [2004]. The 8 from the

K20 survey have been left out as they are in the sample from di Serego Alighieri et al. [2005].
All the stellar-masses from diﬀerent studies and the local relation have been corrected to a
Chabrier initial mass function (IMF) Chabrier [2003] using the conversions in Cimatti et al.
[2008].
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Figure 5.8: Stellar mass versus radii plot for the K-Bright sample. The grey line is the local
relation from the SDSS data [Shen et al., 2003] with the dispersion on the radii shown by the
grey dotted lines. See text for discussion.

1011 M⊙ , 1 − 2 × 1011 M⊙ and > 2 × 1011 M⊙ . There appears to be a trend with mass

but this most likely appears due to a switch is galaxy population with mass. The lower
mass galaxies are probably dominated by late-type galaxies and higher mass galaxies
being dominated early-type galaxies. The fives bins have an average ratio of galaxy
radii to local equivalent �R(z)/R(0)� of 1.84, 0.96, 0.67, 0.63, 0.59 respectively. This

could indicate that the galaxies fall away from the local at high-redshift with increasing
mass. But within the errors all the mass bins could follow the local relation but lowered
by a factor of ∼ 1.6.

5.4.1

Dividing the Sample by Age

It has been suggested by Saracco et al. [2009] that splitting the sample by age can
split the population into normal and compact ETGs. The sample was divided into two
116

5.4. THE SIZE STELLAR-MASS RELATION AT HIGH-REDSHIFT

Figure 5.9: Stellar mass versus radii plot for the sample. The black dots represent mass bins
of < 5 × 1010 M⊙ , 5 − 7.5 × 1010 M⊙ , 7.5 × 1010 − 1 × 1011 M⊙ , 1 − 2 × 1011 M⊙ and > 2 × 1011 M⊙ .
The grey lines are as in Figure 5.8

populations, galaxies with an age younger and older that half the age of the Universe
at their respective redshift. Splitting by a fractional age of the Universe was chosen as
using a particular age to divide the population, as was done by Saracco et al. [2009],
has redshift implications attached to it. Dividing by a fractional age selects all the old
and young galaxy at each redshift. A repeat of Figure 5.8 but with our sample divided
by age can be seen in Figure 5.10. The blue symbols are the galaxies with an age less
than half the age of the Universe for their redshift and the red symbols are galaxies with
ages older than half the age of the Universe for their redshift. The younger population
has a mean mass of ∼ 0.6 × 1011 M⊙ and has an average ratio of galaxy radii to local

mass equivalent of �R(z)/R(0)� = 1.56. Whereas the older population has a mean mass

of ∼ 1.4 × 1011 M⊙ and has an average ratio of galaxy radii to local mass equivalent of
�R(z)/R(0)� = 0.69.

117

5.4. THE SIZE STELLAR-MASS RELATION AT HIGH-REDSHIFT

Figure 5.10: Stellar mass versus radii plot for the sample. The blue symbols are the galaxies
with an age less than half the age of the Universe for their redshift and the red symbol are
galaxies with ages older than half the age of the Universe for their redshift. The grey lines are
as in Figure 5.8

This result is reasonably robust since the mass estimate have been made using a
Chabrier IMF and the use of a Salpeter IMF would increase the stellar masses by a
factor of ∼ 2. Moreover, the stellar population models adopted here account for the
possible eﬀects of TP-AGB stars which, if removed, would also increase the stellarmass. Since the radii have been estimated from low-resolution ground based imaging, if
anything, they could be overestimates. All these potential sources of errors do therefore
not change the results that it appears older high-redshift massive systems sit below the
local size-mas relation.
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Figure 5.11: Stellar mass versus radii plot for the K-Bright sample. The blue symbols are the
star-forming galaxies in the sample and the red symbol are passively evolving galaxies. The
grey lines are as in Figure 5.8.

5.4.2

Dividing the Sample by Passivity

To follow on from the idea of dividing the sample by age, the sample was split based on
whether or not the galaxies are star-forming or passively evolving. A full explanation
of the classification process is described in Section 5.8. Figure 5.11 shows the size-mass
relation when the galaxy sample is split according to their passivity, with star-forming
galaxies are plotted in blue and passive galaxies in red. This division in the sample gives
very similar results to dividing the sample by age. Star-forming and passive galaxies
have an average ratio of galaxy radii to local mass equivalent of �R(z)/R(0)� = 1.61 and

�R(z)/R(0)� = 0.74 respectively. The error considerations from dividing the sample by
age holds for this result.
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5.4.3

Dividing the Sample by Spectral Type

It is clear that there is a diﬀerential deviation from the local size-mass relation with
various galaxy characteristics. As the local relation is based on early-type galaxies it
would be beneficial to compare just the ETGs in the sample to the local relation (Shen
et al. 2003 also supplies a size-mass relation for late-type galaxies but the number of
late-type galaxies in this sample is too small to investigate). A scheme to classify
galaxies as either early-, intermediate or late-type is discussed and provided in Section
7.1.1. Of the 82 galaxies in this sample they are split 35:11:36 into early-, intermediateand late-type galaxies respectively. The size-mass relation for just early-type galaxies
is shown in Figure 5.12.
Studying just the early-type galaxies has removed a large fraction of the lower mass
galaxies. Approximately 70% of the early-type galaxies in the sample sit below the
local. It appear they still follow the form of the local relation but sit a factor of ∼ 1.5
below.

5.5

Velocity Dispersion Estimates

In Section 5.6 the analysis of the size-mass relation is extended by calculating dynamical
masses which rely on accurate velocity disperison estimate. Good signal-to-noise is
required to obtain accurate estimates of the velocity dispersion so galaxies were selected
from the UDSz sample based on them having SNRCaHK ≥ 7.5, where SNRCaHK is equal

to the median signal to noise per pixel in the fitting region 3915 - 3985Å. This cut was
obtained from fitting all the galaxies in the UDSz with z > 1.2 and investigating down
to which signal-to-noise threshold a velocity dispersion estimate could be constrained.
This signal-to-noise cut (and removing bluer galaxies with weak Ca H & K features)
produced a sub-sample 13 galaxies. The fits for this sub-sample can be seen in Figure
5.13, where the thick green line is the spectrum of the galaxy, the black line is the
best-fitting convolved stellar spectrum and the thin grey line is the error spectrum
for each galaxy. As the velocity dispersion estimate for each of the 13 galaxies was
found by fitting a range of templates, the errors on the velocity dispersions were found
by marginalising over all over parameters to calculate the best χ2 for each velocity

120

5.5. VELOCITY DISPERSION ESTIMATES

Figure 5.12: Stellar mass versus radii plot for the early-type galaxies in the K-Bright sample.
The grey lines are as in Figure 5.8

dispersion, normalising all the χ2 values such that the best-fitting templates has a
reduced χ2 value of 1 and then obtaining the range of velocity dispersions that have a
∆χ2 = 1 from the global minimum χ2 .
The velocity dispersions and errors for the 13-object sub-sample can be found in
Table 5.5. The final value of each targets velocity dispersion has been aperture corrected
using Equation 5.1, Jorgensen et al. [1995], where σap is the measured velocity dispersion
in km/s, Ref f is the eﬀective radius in kpc and Rap (z) is half the width of our FORS2
slit in kpc at the distance of the galaxy.
σef f = σap

�

Ref f
Rap (z)

�−0.04

(5.1)

Note that this aperture correction typically amounts to a correction of ∼ 1.5%.
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Figure 5.13: Velocity dispersion fits to our 13 galaxies with SNRCaHK ≥ 7.5, where SNRCaHK

is the median signal to noise per pixel in the fitting region 3915 - 3985Å. The thick green line
is the spectrum of the galaxy and the black line is the best-fitting convolved stellar spectrum.
The thin grey line is the error spectrum for each galaxy.
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Table 5.5: Table showing the velocity dispersion and dynamical mass estimates for the high
signal-to-noise targets in the sample.

ID

5.6

z

69422

1.296

65948

1.305

53901

1.313

42643

1.319

46450

1.320

46091

1.321

50618

1.321

79998

1.323

50326

1.325

53783

1.329

60493

1.332

79158

1.399

44194

1.408

σ

Radius

Mdyn

M�

(km/s)

(kpc)

(1011 M⊙ )

(1011 M⊙ )

247.0+32.0
−34.0

5.39+0.34
−0.35

3.88+1.02
−1.09

1.83+0.27
−0.07

332.0+37.0
−77.0

7.24+0.45
−0.21

9.36+2.18
−4.37

3.15+0.18
−0.54

240.0+50.0
−53.0
276.0+25.0
−21.0
154.0+47.0
−57.0
242.0+59.0
−69.0

394.0+68.0
−129.0
339.0+65.0
−56.0
332.0+60.0
−68.0
278.0+64.0
−63.0
275.0+46.0
−46.0
283.0+54.0
−63.0
336.0+82.0
−66.0

3.14+0.06
−0.05
2.23+0.06
−0.0
1.70+0.12
−0.06
2.81+0.08
−0.16
2.56+0.09
−0.05
1.89+0.43
−0.16
1.29+0.15
−0.11
1.08+0.23
−0.32
4.27+0.04
−0.05
4.16+0.02
−0.05
3.22+0.01
−0.07

2.12+0.88
−0.93
2.00+0.36
−0.30
0.48+0.29
−0.35
1.93+0.94
−1.11

0.45+0.07
−0.01
2.17+1.16
−0.33
0.53+0.05
−0.07
1.3+0.22
−0.23

4.66+1.62
−3.04

1.05+0.48
−0.10

1.68+0.64
−0.70

0.56+0.11
−0.08

2.55+1.14
−0.87
0.98+0.50
−0.53
3.79+1.27
−1.27
3.92+1.49
−1.74
4.26+2.08
−1.67

0.58+0.27
−0.11
0.45+0.07
−0.08
3.57+0.51
−0.89
2.82+0.21
−0.37
1.76+0.10
−0.29

Dynamical Mass Estimates

To investigate concerns of stellar-mass estimates aﬀecting the high-redshift size-mass
relation, the velocity dispersion estimates were used to calculate dynamical mass estimate which are a model indepedent method of acquire a mass estimate for the galaxy.
To calculate dynamical masses Equation 5.2 was used, where σ is the velocity dispersion
in km/s, Re is the eﬀective radius in kpc, G is the gravitational constant and C is a
constant such that log(C/G) = 6.07, C/G has units of M⊙ km−1 s kpc−1 . This is the
commonly used relation for local ellipticals [Jorgensen et al., 1996] and has also been
used at high-redshift [van Dokkum and Stanford, 2003].
Mdyn =

Cσ 2 Re
G

(5.2)
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5.6.1

Comparing Dynamical Mass and Stellar-Mass

Figure 5.14 shows the relation between stellar and dynamical mass for several samples
of high-redshift galaxies. The open blue circles are 17 galaxies from di Serego Alighieri
et al. [2005] from the K20 survey with 15 in the redshift range 0.88 ≤ z ≤ 1.3 and 2 at

z ∼ 0.67. The open green triangles are 40 ETGs at z ∼ 1 from Rettura et al. [2006].
Rettura et al. [2006] acquired the velocity dispersions from the literature with 36 from
van der Wel et al. [2005] and 4 from Holden et al. [2005]. The 8 galaxies from Rettura
et al. [2006] taken from the K20 survey have been left out as they are in the sample from
di Serego Alighieri et al. [2005]. The two open black triangles are the two early-type
galaxies at z ∼ 1.4 from Cappellari et al. [2009] from the GMASS survey. The galaxies

from this work are shown as the large filled red circles and the black dotted line shows
the one-to-one relation. All the stellar-masses from diﬀerent studies have been corrected
to a Chabrier initial mass function [Chabrier, 2003] using the conversions in Cimatti
et al. [2008].
Of the sub-sample with velocity dispersion estimates, 11/13 of our galaxies sit above
the one-to-one relation and on average, the dynamical mass is ∼ 2.45 times that of the

stellar population. Considering all of the samples together the more massive galaxies
tend to have a larger dynamical masses relative to their stellar-mass whereas this relation
is reversed for the lower mass part of the sample.

5.6.2

The Size-Dynamical Mass Relation at High-Redshift

The size against dynamical mass plot can be seen in Figure 5.15, the symbols are as in
Figure 5.14 with the addition of ∼ 57000 SDSS galaxies (grey dots). The SDSS sample
was chosen to be galaxies at z < 0.1. The radii plotted here are the radii containing

50% of the Petrosian flux [Petrosian, 1976] in the z-band. The z-band was chosen as
this samples the same rest-frame part of the galaxy’s SED as the K-band samples for
the galaxies in the K-Bright sample. The dynamical masses were calculated using the
same method as used on our own galaxies, described in Section 5.6.
The 13 targets studied here all sit on or below the compact edge of the local sizedynamical mass locus, with approximately half sitting below the locus. This adds more
support to the idea that massive galaxies at high-redshift are more compact than their
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Figure 5.14: Stellar masses versus dynamical mass. The open blue circles are 17 galaxies from
di Serego Alighieri et al. [2005] from the K20 survey with 15 in the redshift range 0.88 ≤ z ≤ 1.3
and 2 at z ∼ 0.67. The open green triangles are 40 ETGs at z ∼ 1 from Rettura et al. [2006].

Rettura et al. [2006] acquired the velocity dispersions from the literature with 36 from van der
Wel et al. [2005] and 4 from Holden et al. [2005]. The 8 Rettura et al. [2006] uses from the K20
survey have been left out as they are in the sample from di Serego Alighieri et al. [2005]. The
two open black triangles are the two early-type galaxies at z ∼ 1.4 from Cappellari et al. [2009]
from the GMASS survey. The galaxies from this work are shown as the large filled red circles
and the black dotted line shows the one-to-one relation.
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Figure 5.15: Dynamical mass versus size plot for high-redshift galaxies. The open blue circles
are 17 galaxies from di Serego Alighieri et al. [2005] from the K20 survey with 15 in the redshift
range 0.88 ≤ z ≤ 1.3 and 2 at z ∼ 0.67. The open grey triangles are 40 ETGs at z ∼ 1 from

Rettura et al. [2006]. Rettura et al. [2006] acquired the velocity dispersions from the literature
with 36 from van der Wel et al. [2005] and 4 from Holden et al. [2005]. As with the stellar-mass
versus dynamical mass plot we have left out the 8 galaxies Rettura et al. [2006] uses from the
K20 survey as they are in the sample from di Serego Alighieri et al. [2005]. The two open
black triangles are the two early-type galaxies at z ∼ 1.4 from Cappellari et al. [2009] from the
GMASS survey. The galaxies from this work are shown as the large filled red circles.
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5.7. SPECIFIC STAR-FORMATION RATES
local counterparts.

5.7

Specific Star-formation Rates

In order to investigate the fraction of truly passive galaxies in the sample it necessary to
calculate star-formation rates (SFR) for each galaxy. Using the various star-formation
indicators and SFR estimators described in Section 4.2 we have calculated three independent estimates of the SFR for the galaxies in our sample, one from the rest-frame
UV corrected using the Av from the best-fitting model, one from the [OII] emission
line flux and one from a 24µm flux where there is a detection. The results can be see
in Table 5.6. The mass stated here is the stellar-mass estimate from the fits to the
TCM models, see Section 5.2.1. The UV star-formation rates have been corrected for
reddening using the Av recovered from the spectrophotometric fits to the TCM models.
The flux from the [OII] emission line has been corrected for an Av = 1.0 [Kennicutt,
1998]. This correction was adopted because as the conversion from L[OII] to a SFR
estimate is calibrated against Hα the extinction at Hα needs to be applied and an
average extinction of 1 magnitude is found my several authors [e.g. Kennicutt 1983 and
Niklas et al. 1997]. A reason for not correcting the SFR by the extinction value found
during the fitting is that there are good reasons to expect the extinction correction for
the [OII] emission line is not necessarily the same as derived for the UV continuum. All
the 24µm fluxes used here were supplied by Dr. Karina Caputi.

5.8

The Passive Fraction of Galaxies at 1.3 ≤ z ≤ 1.5

From Fontana et al. [2009] the definition of a "passive" galaxy can be defined as a
galaxy with specific star-formation rate (SSFR), Ṁ /M� < (t(z))−1 , where t(z) is the
age of the universe at redshift z. This is based on the idea that if a galaxy’s mass is it’s
star-formation history averaged over the age of the Universe, i.e. M� = �Ṁ �past × t(z),

and a passive galaxy can be thought of as one where Ṁ < �Ṁ �past then this implies
Ṁ /M� < (t(z))−1 .

For our objects the specific star-formation rate (SSFR) is based on the highest starformation rate from the three diﬀerent estimates and the stellar-mass estimate is from
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z

1.296

1.299

1.303

1.304

1.305

1.311

1.313

1.315

1.316

1.319

1.320

1.320

1.320

1.321

1.321

1.321

1.322

1.323

1.325

ID

69422

80073

76779

80464

65948

63940

53901

32058

58266

42643

79330

29501

46450

77399

50618

46091

65792

79998

50326

0.75 ± 0.47
4.66 ± 1.42

2.90 ± 0.24
0.48 ± 0.04

15.31 ± 4.45

0.18 ± 0.05

0.65 ± 0.05

1.00 ± 0.08

0.63 ± 0.15

< 1.35

4.15 ± 1.55

16.97 ± 5.03

< 1.66

2.56 ± 1.66

1.62 ± 0.13

5.02 ± 0.41

1.66 ± 0.65

5.85 ± 2.06

15.84 ± 4.64

6.71 ± 2.02

19.50 ± 5.83

8.66 ± 2.94

< 0.69

< 0.66

3.79 ± 1.14

2.34 ± 0.89

0.58 ± 0.05

2.47 ± 0.2

2.80 ± 0.23

2.08 ± 0.17

4.55 ± 0.37

1.39 ± 0.11

1.04 ± 0.09

0.29 ± 0.07

0.74 ± 0.11

2.50 ± 0.21

< 0.48

(M ⊙ yr−1 )

(M ⊙ yr−1 )
0.44 ± 0.04

SFR[OII]

SFRU V

-

-

110.37 ± 61.48

-

-

-

-

-

116.94 ± 48.9

-

248.94 ± 97.18

-

26.97 ± 12.59

-

118.36 ± 47.86

-

-

-

-

(M ⊙ yr−1 )

SFR24µm

1.94+0.0
−0.09
0.13+0.00
−0.00
0.23+0.00
−0.03
0.45+0.0
−0.01
0.52+0.00
−0.16
3.15+0.0
−0.54
+0.00
0.2−0.02
1.75+0.00
−0.11
2.17+1.00
−0.33
0.21+0.00
−0.03
0.56+0.00
−0.18
0.53+0.00
−0.07
2.11+0.00
−1.02
1.05+0.00
−0.10
+0.00
1.3−0.23
0.63+0.00
−0.04
0.58+0.00
−0.11
0.56+0.00
−0.08

1.83+0.00
−0.07

(1011 M ⊙)

M�

0.02+0.00
−0.00
3.66+3.09
−1.12
1.07+0.17
−0.15
26.05+11.2
−10.55
+0.01
0.06−0.02
0.86+0.4
−0.43
4.44+1.95
−1.60
14.2+5.92
−5.62
0.31+0.19
−0.10
+36.91
55.7−24.36
1.04+0.37
−0.49
0.31+0.12
−0.13
0.24+0.04
−0.12
1.46+0.08
−0.45
0.05+0.01
−0.01
17.45+12.88
−9.8
+0.42
0.71−0.03
0.03+0.01
−0.01

0.16+0.03
−0.01

(10−10 yr−1 )

SSFR

Table 5.6: Table showing estimates of star-formation rate from diﬀerent indicators

2.15

2.15

2.14

2.14

2.14

2.14

2.14

2.14

2.14

2.14

2.14

2.14

2.13

2.13

2.12

2.12

2.12

2.11

2.11

(10−10 yr−1 )

1/t(z)

5.8. THE PASSIVE FRACTION OF GALAXIES AT 1.3 ≤ Z ≤ 1.5

128

z

1.326

1.329

1.331

1.332

1.372

1.380

1.380

1.394

1.399

1.399

1.401

1.401

1.401

1.402

1.402

1.404

1.405

1.407

1.408

1.408

1.408

ID

77581

53783

73006

60493

75483

78289

73717

42941

79158

77327

79274

49095

45629

56208

61110

54647

63911

57918

44194

56439

45372

8.59 ± 2.63

0.94 ± 0.08

2.28 ± 0.19

2.4 ± 0.2

0.26 ± 0.06

0.64 ± 0.05

0.49 ± 0.12

0.46 ± 0.27

8.71 ± 3.82

15.56 ± 4.63

10.91 ± 3.21

< 1.10

< 4.75

4.95 ± 1.73

6.8 ± 2.16

1.08 ± 0.74

0.99 ± 0.08

0.45 ± 0.10

11.54 ± 3.42

15.38 ± 4.50

< 0.98

8.37 ± 2.66

7.96 ± 2.45

17.32 ± 5.05

34.42 ± 9.90

5.35 ± 1.74

8.38 ± 2.96

1.59 ± 0.13

2.38 ± 0.2

0.92 ± 0.08

1.6 ± 0.13

2.91 ± 0.53

1.52 ± 0.13

3.43 ± 0.28

0.89 ± 0.07

1.79 ± 0.15

5.06 ± 0.42

11.18 ± 3.58

< 0.78

0.92 ± 0.08
6.58 ± 2.03

(M ⊙ yr−1 )

(M ⊙ yr−1 )
0.96 ± 0.08

SFR[OII]

SFRU V

-

-

31.49 ± 16.78

-

-

-

-

-

-

-

-

-

-

-

105.51 ± 43.89

-

-

-

83.35 ± 34.85

-

-

(M ⊙ yr−1 )

SFR24µm

Table 5.6: - continued

0.45+0.00
−0.08
0.61+0.0
−0.38
3.57+1.00
−0.89
1.08+0.00
−0.12
0.45+0.00
−0.09
0.28+0.00
−0.02
0.58+1.00
−0.05
2.82+0.00
−0.37
1.25+0.0
−0.05
0.33+0.00
−0.09
1.13+0.00
−0.28
+0.00
0.3−0.05
1.14+0.00
−0.14
0.91+0.0
−0.04
1.04+0.0
−0.22
1.35+0.00
−0.08
0.89+0.00
−0.09
1.76+0.0
−0.29
4.66+1.00
−0.62
1.06+0.00
−0.09

0.63+0.00
−0.26

(1011 M ⊙)

M�

1.46+0.5
−0.52
+8.53
13.6−10.20
0.23+0.09
−0.1
+0.17
0.5−0.17
7.64+2.5
−2.68
37.64+17.09
−15.99
+1.73
1.36−0.44
0.3+0.10
−0.10
0.07+0.01
−0.01
4.68+5.43
−1.92
1.02+0.41
−0.39
0.36+0.32
−0.26
0.75+0.26
−0.25
0.74+0.26
−0.24
0.48+0.17
−0.19
0.05+0.02
−0.0
0.03+0.01
−0.01
1.79+0.96
−1.0
0.33+0.11
−0.11
0.82+0.43
−0.37

0.15+0.02
−0.06

(10−10 yr−1 )

SSFR

2.26

2.26

2.26

2.26

2.25

2.25

2.25

2.25

2.25

2.25

2.25

2.25

2.25

2.24

2.22

2.22

2.21

2.16

2.16

2.15

2.15

(10−10 yr−1 )

1/t(z)
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z

1.409

1.409

1.410

1.411

1.412

1.414

1.421

1.429

1.435

1.435

1.441

1.444

1.451

1.456

1.456

1.456

1.458

1.458

1.458

1.459

1.460

ID

59320

54522

32227

49961

63237

46492

52436

63675

81348

29788

62125

53841

46886

47359

48550

78217

19851

32476

73600

58689

64357

10.49 ± 4.26
4.05 ± 1.56

2.87 ± 0.24
2.55 ± 0.29

2.09 ± 0.74

1.39 ± 0.11

1.32 ± 0.11

0.32 ± 0.06

1.48 ± 0.12

6.28 ± 0.52

0.94 ± 0.08

1.34 ± 0.11

1.59 ± 0.13

1.71 ± 0.14

8.05 ± 2.36

6.94 ± 2.05

< 0.31

18.73 ± 5.37

14.58 ± 4.69

10.37 ± 3.02

15.15 ± 4.88

< 2.25

3.15 ± 0.99

< 1.78

1.40 ± 0.25

1.05 ± 0.12

2.84 ± 0.93

5.86 ± 1.85

3.23 ± 1.05

5.43 ± 1.8

10.00 ± 3.03

1.79 ± 0.94

6.94 ± 2.14

0.43 ± 0.06

1.27 ± 0.1

6.86 ± 0.56

2.64 ± 0.22

4.87 ± 0.40

0.86 ± 0.09

0.61 ± 0.06

< 0.91

(M ⊙ yr−1 )

(M ⊙ yr−1 )
0.81 ± 0.20

SFR[OII]

SFRU V

71.73 ± 32.84

-

-

-

116.7 ± 49.96

-

84.46 ± 36.99

-

-

-

-

-

41.99 ± 18.91

139.08 ± 57.45

273.02 ± 108.6

134.45 ± 55.35

-

-

169.04 ± 69.46

-

-

(M ⊙ yr−1 )

SFR24µm

Table 5.6: - continued

0.8+0.00
−0.08
0.49+0.00
−0.06
1.62+0.0
−0.09
0.59+0.0
−0.06
1.33+0.00
−0.62
1.47+0.0
−0.4
+0.00
0.76−0.23
0.32+0.00
−0.02
0.51+0.00
−0.21
4.74+0.0
−0.87
1.56+0.00
−0.87
0.49+0.00
−0.15
1.51+0.00
−0.24
0.65+0.0
−0.03
1.27+0.0
−0.24
0.54+1.0
−0.02
0.45+0.0
−0.08
0.45+0.00
−0.05
0.66+0.0
−0.28
0.36+0.00
−0.08

2.07+0.00
−0.46

(1011 M ⊙)

M�

0.10+0.03
−0.03
+30.44
34.8−14.93
0.43+0.14
−0.13
0.31+0.16
−0.16
10.13+4.45
−6.28
18.52+7.88
−8.92
+13.64
18.25−9.31
13.21+6.26
−6.01
+0.28
0.55−0.29
0.02+0.00
−0.00
0.13+0.06
−0.09
0.64+0.24
−0.28
0.1+0.01
−0.02
12.97+6.77
−5.71
+0.24
0.82−0.28
21.77+32.44
−9.36
4.21+2.45
−1.43
0.07+0.02
−0.02
1.05+0.36
−0.54
19.83+9.20
−10.09

0.51+0.23
−0.23

(10−10 yr−1 )

SSFR

2.33

2.33

2.33

2.33

2.33

2.32

2.32

2.32

2.32

2.31

2.3

2.29

2.29

2.29

2.28

2.27

2.26

2.26

2.26

2.26

2.26

(10−10 yr−1 )

1/t(z)

5.8. THE PASSIVE FRACTION OF GALAXIES AT 1.3 ≤ Z ≤ 1.5

130

1.467

1.467

1.477

1.477

1.477

1.477

1.478

1.478

1.478

1.483

1.483

1.485

1.485

1.491

1.497

1.498

44334

66424

30838

72815

72088

71384

53230

60843

70067

52354

56151

48451

29201

43168

47774

50229

1.505

1.467

62775

61727

1.462

78923

1.502

1.461

79138

54253

z

ID

5.66 ± 1.76

5.37 ± 0.88

131
0.16 ± 0.05

0.73 ± 0.06

1.25 ± 0.1

1.17 ± 0.1

0.90 ± 0.07

2.08 ± 0.17

2.24 ± 0.18

0.36 ± 0.08

8.32 ± 0.68

0.57 ± 0.06

1.72 ± 0.14

2.23 ± 0.18

0.48 ± 0.04

2.11 ± 0.17

6.05 ± 0.50

16.0 ± 1.32

0.61 ± 0.08

1.00 ± 0.08

< 1.46

< 5.24

< 3.16

20.98 ± 6.76

13.06 ± 3.89

2.72 ± 0.87

8.21 ± 2.54

4.04 ± 1.22

57.27 ± 16.39

3.19 ± 1.18

32.27 ± 9.29

55.93 ± 16.05

7.76 ± 2.33

11.71 ± 3.41

32.76 ± 9.43

73.08 ± 20.9

10.58 ± 3.07

7.00 ± 2.75

1.37 ± 0.64

34.04 ± 9.79

1.72 ± 0.14
0.30 ± 0.04

(M ⊙ yr−1 )

(M ⊙ yr−1 )

-

-

-

-

-

-

180.55 ± 71.95

-

122.36 ± 46.39

-

134.3 ± 55.67

-

-

-

117.04 ± 55.33

-

-

113.22 ± 46.94

42.98 ± 19.09

-

142.63 ± 58.41

(M ⊙ yr−1 )

SFR24µm
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SFR[OII]

SFRU V

1.63+0.00
−0.13
1.23+0.00
−0.31
0.47+0.00
−0.24
0.14+0.0
−0.00
0.32+0.00
−0.04
3.32+0.00
−0.15
1.59+0.00
−0.64
0.30+0.00
−0.03
0.96+0.00
−0.10
0.20+0.0
−0.05
0.57+0.0
−0.07
2.69+0.00
−0.66
0.31+0.00
−0.05
0.53+0.00
−0.08
0.89+0.00
−0.32
0.64+0.00
−0.00
+0.00
1.6−0.14
0.41+0.00
−0.01

0.74+0.00
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0.59+0.00
−0.04
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0.33−0.13
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−29.12
0.71+0.22
−0.23
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6.7−3.14
0.89+0.29
−0.32
2.45+0.77
−0.82
2.36+0.83
−1.14
+0.03
0.2−0.02
0.05+0.01
−0.01
0.04+0.01
−0.01

5.79+3.7
−2.71

0.23+0.11
−0.11

31.87+23.05
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(10−10 yr−1 )
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2.39
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2.36
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2.35

2.35

2.35

2.35

2.35

2.35

2.35
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the spectrophotometric fits to the TCM models. We have a total of 52/82 confirmed
passive objects. To convert this to a passive galaxy fraction for the K ≤ 21.5 and

1.3 ≤ z ≤ 1.5 universe we need to look at the rest of the UDS sample using photometric
redshifts.

Taking UDS DR8 and making cuts of K ≤ 21.5 and 1.3 ≤ zphoto ≤ 1.5 gives 1249

galaxies. Considering the criteria which were applied when constructing the masks
for observation (V > 24.5 and i < 24.5 or z < 24.0, see Section 2.2) of these 1249
galaxies, 761 passed the criteria (observable) and the remaining 488 failed the criteria

(unobservable). Assuming that the fraction of passive galaxies we found in the spectroscopic sample studied here can be extrapolated to the entire "observable" sample
implies from the "observable" Universe we have (52/82) × 761 ≈ 483 passive galaxies

and (30/82) × 761 ≈ 278 actively star-forming galaxies. The passive fraction of the
"unobservable" Universe was found by estimating the fraction of star-forming galaxies.

Of the 30 star-forming galaxies in the sample there were 21 galaxies with 24µm
detections and 18 that had star-formation rates estimates from [OII] high enough with
respect to their stellar-mass to be classified as star-forming. Therefore there were 9
galaxies that were identified as star-forming from the presence of an [OII] emission line
with no detection in 24µm. If the star-formation estimated from the UV was high
enough for the galaxy to be classed as star-forming the [OII] and/or 24µm estimates
were always higher. There were 23 galaxies in the sample that had a 24µm detection,
therefore there were two galaxies with a 24µm detection that had suﬃcient mass that
they were classified as passive evolving.
The 24µm catalog was crossed matched with UDS DR8 objects that had a K-band
detection. It was found that 200 galaxies of the "unobservable" sample (K < 21.5,
1.3 ≤ zphoto ≤ 1.5 and V < 24.5) had 24µm detections. Therefore (21/23) × 200 ≈ 183

of these galaxies were expected to be forming enough stars to be classified as actively
star-forming. Using the relation found in the sample it is expected that an additional
(9/21) × 183 ≈ 78 objects could be found as star-forming, the fraction with [OII]
but no 24µm detection. Therefore it is estimated that 257/488 of the "unobservable"
sample is star-forming. So the estimate of the passive fraction of the K < 21.5 and
1.3 ≤ zphoto ≤ 1.5 Universe is (483 + 227)/1249 ≈ 57 ± 10%. It should be noted that the
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number of objects in the "unobservable" sample that could be classified as star-forming
solely from [OII] emission could be higher as the "unobservable" sample is bluer, this
would reduce the passive fraction.
Cutting the sample at K < 20.65, i.e. to select a pure ERO population (see Figure
5.1) gives 30 objects, 23 of which are passive. Following the same procedure as above
the passive fraction for the K < 20.65 and 1.3 ≤ zphoto ≤ 1.5 is ≈ 75 ± 19%. Many
authors calculate the passive fraction of a K-band bright sample but with an ERO
colour cut included. Applying an R − K > 3.38 colour cut to the K-Bright sample used
here and repeating the analysis above gives a passive fraction of ∼ 78 ± 33%.

Considering the most massive galaxies ( M� > 7 × 1010 M⊙ ) in the K-Bright sample

the passive fraction is 32/40 = 80 ± 19%. This is consistent with the fraction found

from the ERO subsample. This can be understood from the stellar-mass versus R-K
relation for the sample (Figure 5.16) which shows all galaxies with M� > 7 × 1010 M⊙
are EROs.

5.8.1

Comparison with Results in the Literature

From spectral classification Cimatti et al. [2002a] put constraints of 33 − 67% on the
passive fraction of EROs, KV ega < 19.2 and (R − K)V ega > 5.

Using radio data along with RizJHK photometry of EROs, KV ega < 20.5 and

(R − K)V ega > 5.3, Smail et al. [2002] estimated a passive fraction of 40% ± 15%

Using stellar population synthesis models, restricted to those representing dusty

star-forming and old stellar populations, and BV RizJHK photometry, Miyazaki et al.
[2003] classified 247 EROs, K < 22.1 and R − K > 3.35. They found 143 to be old
passive galaxies, giving a passive fraction of 58%

Fontanot and Monaco [2010] used the MORGANA semi-analytical model [Monaco
et al., 2007] to study EROs, (R − K)V ega > 5. Using the definition of a passive galaxy

from Brinchmann et al. [2004], i.e. SSFR ≤ 10−11 yr−1 , Fontanot and Monaco [2010]
found that for KV ega < 22 and (R − K)V ega > 5 the passive fraction was 32%. At
KV ega < 20.3 and (R − K)V ega > 5 their predicted passive fraction increases to 38%

and it increases further to 47% for a KV ega < 19.2 and (R − K)V ega > 5. They also
predict a passive fraction of 44% for a KV ega < 20.3 and (R − K)V ega > 5.3
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Figure 5.16: stellar mass versus R-K colour for the K-Bright sample. The vertical grey dotted
line corresponds to a stellar-mass of 7 × 1010 M⊙ and the horizontal grey dotted line represents
the colour cut for ERO selection, R − K > 3.38.

The passive fraction estimate found here for the K < 21.5 sample here is consistent
with the results found by Miyazaki et al. [2003]. Even though there is no colour constraint on the sample studied here it has a brighter cut in K-band depth than Miyazaki
et al. [2003] and ≈ 75% of our sample are EROs anyway. The K < 21.5 passive galaxy
fraction estimate also sits within the range of values estimated by Cimatti et al. [2002a].
The fraction estimated by Smail et al. [2002] is significantly lower than the one found
here, which is probably due to the fainter cut in K-band magnitude. The theoretical
predictions made by Fontanot and Monaco [2010] sit below what is observed here and
by the other authors.
The passive fraction recovered for galaxies with K < 20.65 (≈ 75%) is very high,
but even though this criteria selects a purely ERO sample it is selecting only the very
brightest EROs. Therefore these are potentially the most massive EROs which could
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explain the large passive fraction. The passive fraction recovered for the full K < 21.5,
R − K > 3.38 appear large but when considering the large errors agree with the result
of the bright sample from Cimatti et al. [2002a]. Also the lower fraction from Smail
et al. [2002] and Miyazaki et al. [2003] originate from fainter samples.
Fontana et al. [2009] investigated the evolution of the passive fraction of sample
that are mass complete above 7 × 1010 M⊙ . For the redshift range studied here Fontana

et al. [2009] recovers a passive fraction of ∼ 50 − 60%. The values recovered here for the
M� > 7 × 1010 M⊙ sample are large but agree within in the the errors and for K < 21.5
sample the mass completeness is only ∼ 1 × 1011 and therefore the results here is based
on an incomplete sample.

5.9

Summary & Conclusions

The optical spectra and multi-wavelength photometry of a large sample of high-redshift
K-band bright sources has been exploited to recover accurate measurements of their
physical characteristics. Age and accurate stellar-mass estimate were recovered from
spectrophotometric fits to the galaxies data. A wide range of star-formation histories
were used, with so called τ models, burst models and double burst models all fit to the
galaxy’s optical spectra and photometry. There is a positive relation between mass and
age with the more massive systems also being the older systems, in agreement with the
general downsizing scenario for massive galaxy assembly.
Investigating the size-mass relation shows a diﬀerential trend with stellar mass. The
lower-mass systems sit on the local relation, whereas the systems of large stellar-mass
tend to sit below the relation that is seen locally. Following the work of Saracco et al.
[2009] the sample was split into young and old galaxies in relation to whether they
were older or younger than 50% of the age of the Universe at their redshift. The young
systems span the local size-mass relation as opposed to the older systems which sit, on
average, a factor ∼ 1.5 below the relation. A very similar result was found when the
sample was split by passivity, with the more passive objects sitting below the relation,
and spectral type, with ETGs also consistently sitting below the relation.
The velocity dispersions estimated here were used to calculate the dynamical masses
as these are model independent mass estimates and therefore a solid test for the high135
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redshift size-mass relation. Comparing the resulting dynamical masses to ones acquired
from velocity dispersions estimates from the SDSS it is shown (Figure 5.15) that all 13
objects sit towards or below the lower edge of the local size-dynamical mass relation
indicating that these objects really are compact.
The fact that the massive galaxies studied here sit below the local size-mass relation,
in agreement with many other authors [e.g. Trujillo et al. 2006a, Trujillo et al. 2006b,
Trujillo et al. 2007, Longhetti et al. 2007, McGrath et al. 2008, Buitrago et al. 2008],
leads to two potential scenarios.
One option is that size evolution of the massive systems at high-redshift is required
to join the local size-mass relation. There are several theories to explain this evolution which include the redistribution of stellar-mass due to mass ejection from quasar
feedback [Fan et al., 2008], the dry merger hypothesis where dense cores are created
at high-redshift through a gas rich merger and then dry mergers between then and the
present increase the eﬀective radii [Khochfar and Silk, 2006] and also size-evolution has
been considered a result of the accretion of mass via minor mergers [Naab et al., 2009].
Another option is that compact galaxies are present in the local Universe and that
normal sized galaxies are present at high-redshift but, due to selection eﬀects, both
populations have been missed. Recently Taylor et al. [2010] went is search of compact
galaxies in the local Universe. It was shown, especially at low redshift z ≤ 0.05, that
SDSS selection eﬀects would miss bright and compact objects to avoid saturation and

cross-talk in the spectrograph. Taylor et al. [2010] found 63 galaxies to sit a factor
of 2 or more below the local relation from Shen et al. [2003] and have higher than
average velocity dispersions. Moreover, Mancini et al. [2010] found that 9 of the Kband brightest and most massive objects from the COSMOS field at z ≥ 1.4 sat on

the local size-mass relation. In this scenario no size evolution is required between highredshift and the present day and that complete samples at low- and high-redshift have
not yet been acquired.
Saracco et al. [2011] found similar results to this study, that at z ∼ 1.5 normal

and compact ETGs coexist. Saracco et al. [2011] found that dissipative merging at
high redshfit can produce compact remnants and a large fraction of the stellar mass is
produced concurrently with the merging. Nipoti et al. [2009] investigated whether dry
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merging could account for the size evolution witnessed in ETGs from high redshift to
the present day. Considering both major- and minor-merger hierarchies, Nipoti et al.
[2009] conÞrm that dry mergers bring compact ETGs closer to the local relation, but
they can not match the factor of ∼ 5 seen in van Dokkum et al. [2008]. Nipoti et al.
[2009] finds a growth factor from dry mergers from z = 2.3 to the present day of ∼ 1.9.
This growth factor is consistent with the results found here and other studies at z ∼ 1.5,

of ∼ 1.5−2. So not including the extreme results of van Dokkum et al. [2008] and expect
minor size evolution over the ∼ 3Gyrs period between z ∼ 1.5 − 2.3 dry mergers appear
to be a plausible mechanism for size evolution of ETGs from high redshift to the local
Universe.
With the use of SSFRs the passive fraction for the K-band bright Universe was
estimated at 58 ± 10%. This is consistent with several other studies in the literature
such as Cimatti et al. [2002a] and Miyazaki et al. [2003]. Although most of the studies

in the literature have been of purely ERO samples as opposed to simply a cut in Kband magnitude, the consistency of the result derived here is unsurprising given that
75 ± 19% for the K-Bright sample are EROs. When cutting the sample at K < 20.65 to
get a pure EROs sample the passive fraction recovered (≈ 75%) is very high, but even

though this criteria selects a purely ERO sample it is selecting only the very brightest
EROs.
The passive fractions recovered from the ERO (K < 21.5, R − K < 3.38) and high

mass (M� > 7 × 1010 M⊙ ) samples are 78 ± 33% an 80 ± 19% respectively are both large
but carry large errors which bring them in agreement with other studies. The K < 21.5

sample is only mass complete down to ∼ 1 × 1011 which could be another source for the
diﬀerence and cosmic variance could also play a role in the diﬀerence of these results
from that of other authors.
Recent theoretical studies have only looked at the passive fraction of the ERO population at high redshift. Studying the ERO, (R − K)V ega > 5, samples at varying cuts

in K-band magnitude Fontanot and Monaco [2010] found passive fractions of 32%, 38%
and 47% for KV ega < 22, 20.3 and 19.2 samples. These results sit a factor ∼ 2 below

the passive fraction calculated for our bright (K < 21.5), ERO (R − K > 3.38) sample
and even below our result for simply the K-Bright sample (just K < 21.5). Therefore it
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would appear that theoretical SAM studies are still not yet producing enough passive
galaxies at high redshift.
To calculate the passive galaxy fraction for a complete unbiased K-band selected
sample at high redshift optimised photometric techniques are required.
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Chapter 6

Separating Galaxy Populations at
High-Redshift
There are several techniques that use broad-band colours to separate K-band selected
galaxy populations at high-redshift [e.g. Pozzetti and Mannucci 2000, Daddi et al.
2004a, Williams et al. 2009]. Such techniques are extremely useful for extracting particular galaxy populations from large photometric data-sets with limited spectroscopic
coverage. These techniques are calibrated using the understanding and knowledge of
SEDs of particular galaxy types. The large spectroscopic sample used in this thesis
presents a unique opportunity to assess and potentially improve these techniques using
the information obtained from the optical spectra and accompanying data.

6.1

Examining Photometric Division of Galaxy Populations
at High-Redshift

Using the knowledge of the passivity of the UDSz sample from UV flux, the [OII]
emission line and 24µm data we investigate the eﬀectiveness of current techniques that
use photometric colours to separate passive and star-forming galaxy populations at high
redshift. We will investigate and optimise the BzK diagram from Daddi et al. [2004a]
which uses the B − z and z − K colours to separate the 1.4 < z < 2.5 galaxy population

into quiescent and star-forming systems, the (J − K) v (i − K) diagram that divides
the 1 < z < 2 ERO population into passive and dusty star-forming from Pozzetti and
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Mannucci [2000] and then a relatively new technique from Williams et al. [2009] that
uses the rest-frame (V − J) and (U − V ) colours to select passive and star-forming
galaxies from z = 0 to z = 2.

6.1.1

The BzK Diagram

The BzK diagram [Daddi et al., 2004a] is used to select passive and star-forming galaxies at 1.4 < z < 2.5. The original population dividers, as defined by Daddi et al.
[2004a], are shown in Figure 1.19. Daddi et al. [2004a] calibrated the technique using
data from the K20 survey (see Section 1.6.1) and therefore it is calibrated for galaxies
with K < 20(Vega). This was possible due to the high spectroscopic completeness of the
K20 survey. The BzK was an empirical diagram that was justified by SSPs afterwards.
The selection criteria is based on the fact that old galaxies will sit in the top right
corner on the BzK colour plot because they have red continuum, due to breaks and
absorption features in the rest-frame range 2500-3000Å and a strong 4000Å break, i.e.
red colours in the observed B − z and z − K bands. In contrast, an actively star-forming
galaxy is defined to be one with BzK ≥ −0.2, where BzK = (z − K) − (B − z), as

this area will be filled with systems that have blue UV rest-frame colours but can be
allowed a range of optical-NIR colours to allow for dusty objects. A passive galaxy is
defined as BzK < −0.2 and z − K > 2.5. This scheme was devised with the Bessel
B-band, F850LP z-band from HST+ACS, and the VLT+ISAAC K-band filters.

Although widely employed [e.g. Daddi et al. [2005a], Takagi et al. [2008], McCracken
et al. [2010]] recent work from Karim et al. [2011] has shown (see Figure 6.1) that for
z < 1.8 the BzK selectcion technique starts to miss a substantial fraction of the passive
population, and by z ∼ 1.5 it is a poor method for selecting passive galaxies.

This work provided motivation to use our spectroscopic redshifts and knowledge

of the passivity of our sample to improve the BzK selection technique. Figure 6.2
shows the BzK selection technique applied to our sample with diﬀerent limiting Kband magnitudes. The top, middle and bottom panels are for the K < 21.0, 22.0
and 23.0 samples respectively. The red circles and blue triangles are known passive
and star-forming galaxies at 1.4 < z < 2.5 respectively based on the definition in
Section 5.8 and the black crosses are galaxies with zspec < 1.4. The grey dotted line
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Figure 14. BzK diagram of our sample in various redshift bins. The color coding refers to our choice of the (NUV − r )temp color
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shows the population divisions defined by Daddi et al. [2004a], described above, and the
solid grey lines show these division corrected to the filters used in the UDS by Hartley
et al. [2008]. Based on the spectroscopic sample it is immediately apparent that the
corrections devised by Hartley et al. [2008] worsen the identification of passive galaxies.
Assessment of the BzK Diagram
For the K < 21.0 sample there are 40 galaxies at 1.4 < z < 2.5 and 92 at z < 1.4.
Of the 40 high-redshift galaxies, 28 are passive and 12 are star-forming galaxies. The
original BzK diagram (with UDS filter corrections) correctly selects 1/28 (∼ 4%) of the
confirmed passive sample, with 3(∼ 11%) selected to be star-forming and the rest as lowredshift targets. A large fraction of the confirmed star-forming galaxies (8/12 ≈ 67%)

are selected as star-forming with the remainder selected as low-redshift galaxies. Of the
92 low-redshift galaxies 100% were correctly selected.
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Figure 6.2: The BzK diagram for the spectroscopic sample. The top, middle and bottom
panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The red circles and blue
triangles are known passive and star-forming galaxies at 1.4 < z < 2.5 respectively, based of
the definition in Section 5.8 and the black crosses are galaxies with zspec < 1.4. The grey
dotted lines shows the population divisions defined by Daddi et al. [2004a] and the solid grey
lines show these division corrected to the filters used in the UDS by Hartley et al. [2008].
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For the K < 22.0 sample there are 88 galaxies at 1.4 < z < 2.5 and 203 at z < 1.4.
Of the 88 high-redshift galaxies, 43 are passive and 45 are star-forming galaxies. The
original BzK diagram (with UDS filter corrections) correctly selects 1/43 (∼ 2%) of the
confirmed passive sample, with 8(∼ 19%) selected to be star-forming and the rest as lowredshift targets. Over two-thirds (31/45 ≈ 69%) of the confirmed star-forming galaxies

are selected as star-forming with 1(∼ 2%) selected to be passive and the remainder
selected as low-redshift galaxies. Of the 203 low-redshift targets 196/203 (∼ 97%) were
correctly selected with one galaxy misidentified as a passive galaxy and six misidentified
as high-redshift star-forming galaxies.
For the K < 23.0 sample there are 129 galaxies at 1.4 < z < 2.5 and 287 at z < 1.4.
Of the 129 high-redshift galaxies, 44 are passive and 85 are star-forming galaxies. The
original BzK diagram (with UDS filter corrections) correctly selects 1/44 (∼ 2%) of the
confirmed passive sample, with 9(∼ 20%) selected to be star-forming and the rest as lowredshift targets. Approximately 65% (55/85) of the confirmed star-forming galaxies are
selected as star-forming with 1(∼ 1%) selected to be passive and the remainder selected
as low-redshift galaxies. Of the 287 low-redshift targets 278/287 (∼ 97%) were correctly
selected with one misidentified as a high-redshift passive galaxy and eight misidentified
as high-redshift star-forming galaxies.
Considering contamination within the selection boxes; of all the galaxies selected to
be high-redshift passive galaxies 1/1(100%), 1/3(∼ 33%) and 1/3(∼ 33%) for the K <
21.0, 22.0 and 23.0 sample respectively are actually passive. Of all the galaxies selected
to be high-redshift star-forming galaxies 8/11(∼ 73%), 31/45(∼ 69%), 55/72(∼ 76%)
are star-forming galaxies. All of this is summarised in Table 6.1, where each column
shows how the diﬀerent galaxy populations are is distributed on the BzK diagram.
These results demonstrate that the population dividers defined in BzK space are far
from perfect. However, visual inspection shows that it should be possible to dramatically
improve the selection criteria.
Optimising the BzK Diagram
From Figure 6.2 it is clear that the dividers defined by Daddi et al. [2004a] have the
correct slopes but just need translating to become optimal. This was done using the
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Table 6.1: The distribution of known galaxy populations on the BzK diagram. Columns 2, 3
and 4 shows how the known passive, star-forming and low-redshift targets are distributed.

Passive

Star-forming

Low-redshift

K < 21.0(totals)

28

12

92

p-BzK

1

0

0

sf-BzK

3

8

0

low-z-BzK

24

4

92

K < 22.0(totals)

43

45

203

p-BzK

1

1

1

sf-BzK

8

31

6

low-z-BzK

34

13

196

K < 23.0(totals)

44

85

287

p-BzK

1

1

1

sf-BzK

9

55

8

low-z-BzK

29

13

278

following method. Consider two populations that can be divided by a relation of two
properties, here the properties are photometric colours. Two indices are defined, the
C index, which is produced by multiplying together the fractions of correctly selected
galaxies from the two populations and the I index, which is the number of incorrectly
selected galaxies divided by the total number of galaxies selected in each region multiplied together i.e. a contamination factor. The best population divider was found by
maximising the C − I index i.e. the line that selects the most galaxies of one population
correctly with the minimum contamination.

This method has been applied to the three samples studied above and the resulting
optimal population dividers are shown in Figure 6.3 as solid grey lines. The symbols
are as in Figure 6.2 and the top, middle and bottom panels are again for the K < 21.0,
22.0 and 23.0 samples respectively. The original dividing lines defined by Daddi et al.
[2004a] were (corrected for the UDS filters) BzK < 0.12 and z − K > 2.76 where
BzK = (z − K) − (B − z). In contrast optimal dividers calculated for the K < 21.0,
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22.0 and 23.0 samples are:

BzK < −0.12, z − K > 2.16

for

K < 21.0

(6.1)

BzK < −0.09, z − K > 2.13

for

K < 22.0

(6.2)

BzK < −0.09, z − K > 2.13

for

K < 23.0

(6.3)

For the K < 21.0 sample the optimised BzK diagram correctly selects 23/28 (∼
82%) of the confirmed passive sample, with 3(12.5%) selected to be star-forming and
the rest as low-redshift targets. The number of confirmed star-forming galaxies to be
selected as star-forming has increased to 10/12 (∼ 83%) with the remainder selected
as high-redshift passive galaxies. Of the 92 low-redshift targets 76/92 (∼ 83%) were
correctly selected while 16(∼ 17%) were misidentified as high-redshift passive galaxies.
For the K < 22.0 sample the optimised BzK diagram correctly selects 33/43 (∼
77%) of the confirmed passive sample, with 9(∼ 21%) selected to be star-forming and
the remainder as a low-redshift targets. A very large fraction (39/45 ≈ 87%) of the
comfirmed star-forming galaxies are selected as star-forming with 4(∼ 9%) selected to

be passive and the remainder selected as low-redshift galaxies. Of the 203 low-redshift
targets 161/203 (∼ 79%) were correctly selected while 29 were misidentified as highredshift passive galaxies and 13 as high-redshift star-forming galaxies.
For the K < 23.0 sample there are 129 galaxies at 1.4 < z < 2.5 and 287 at
z < 1.4. Of the 129 high-redshift galaxies 44 are passive and 85 are star-forming
galaxies. The optimised BzK diagram correctly selects 33/44 (75%) of the confirmed
passive sample, with 10(∼ 23%) selected to be star-forming and the remainder as a
low-redshift target. Nearly all (76/85 ≈ 89%) of the confirmed star-forming galaxies

are selected as star-forming with 4(∼ 5%) selected to be passive and the remainder
selected as low-redshift galaxies. Of the 287 low-redshift targets 238/287 (∼ 83%) were
correctly selected while 29 were misidentified as high-redshift passive galaxies and 20 as
high-redshift star-forming galaxies.
Considering contamination within the optimised selection boxes of all the objects
selected to be high-redshift passive galaxies 23/41(56%), 32/65(∼ 49%) and 33/66(50%)
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Figure 6.3: Optimised BzK diagram. The symbols are as in Figure 6.2, the top, middle and
bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The solid grey lines
show the optimised galaxy population dividers.
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Table 6.2: The distribution of known galaxy populations on the optimised BzK diagram.
Columns 2, 3 and 4 show how the known passive, star-forming and low-redshift targets are
distributed.

Passive

Star-forming

Low-redshift

K < 21.0(totals)

28

12

92

p-BzK

23

2

16

sf-BzK

3

10

0

low-z-BzK

2

0

76

K < 22.0(totals)

43

45

203

p-BzK

33

4

29

sf-BzK

9

39

13

low-z-BzK

2

1

161

K < 23.0(totals)

44

85

287

p-BzK

33

4

29

sf-BzK

10

76

20

low-z-BzK

1

5

238

for the K < 21.0, 22.0 and 23.0 sample respectively are actually passive. Of all the
galaxies selected to be high-redshift star-forming galaxies 10/13(∼ 77%), 40/66(∼ 61%),
76/106(∼ 72%) are actually star-forming galaxies
Even though the contamination levels of passive galaxies in the allocating starforming region have inevitably increased, the fractions of correctly selected passive
galaxies has drastically increased. All of this is summarised in Table 6.2 where each
column shows how the population of galaxies is distributed on the optimised BzK diagram. The optimised selection techniques for the three K-band magnitude limited
samples are very similar. Using BzK < −0.09 and z − K > 2.13 for the K < 21.0 just

slightly increases the contamination of low-redshift galaxies in the high-redshift passive
selection region.
From the analysis above and the results in Table 6.2 the passive fraction at highredshift is calculated as described in Table 6.3 which takes into account the known
levels of contamination between the regions. The numerator of each fraction is the total
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Table 6.3: The formulae for calculating the passive fraction for each of the optimised BzK
diagrams. P is the total number of galaxies selected to be passive, S is the total number of
galaxies selected as star-forming and the L is the total number of galaxies selected as low-redshift
objects.

K-band cut

Passive Fraction

K < 21.0

3
2
P 23
+S 13
+L 78
41
13
2
P 25
+S
+L
41
13
78

K < 22.0

9
2
P 33
+S 61
+L 164
66
37
48
3
P 66 +S 61 +L 164

K < 23.0

10
1
P 33
+S 106
+L 244
66
37
86
6
P 66 +S 106 +L 244

number of believed passive galaxies and the denominator in each fraction is the total
number of high-redshift galaxies.

6.1.2

The (J − K) vs (i − K) Diagram

The (J − K) vs (i − K) technique introduced by Pozzetti and Mannucci [2000] is used

to separate the ERO (i − K > 2.6) population at 1 < z < 2 into passively evolving
and dusty star-forming galaxies. It uses the fact that old galaxies have a strong 4000Å
break, which lies shortward of the J band (1.2µm) for galaxies at 1 < z < 2, while
dusty star-forming galaxies have a smoother drop oﬀ in the flux at bluer wavelengths
(see Figure 1.17). Using a combination of spectra of local galaxies redshifted out to
z = 1 − 2 and spectral synthesis models, Pozzetti and Mannucci [2000] divided the

J − K vs i − K plane into regions where passively evolving and dusty star-forming

galaxies are expected to be located. This can be seen in Figure 1.18 and is defined by
(J −K)AB = 0.36(I −K)AB +0.02 and (I −K)AB > 2.6 with passive galaxies defined as

objects with (J − K)AB > 0.36(I − K)AB + 0.02. Similar to the BzK method, Pozzetti
and Mannucci [2000] calibrated this method for the K < 20(Vega) galaxies.

Figure 6.4 shows the original division made by Pozzetti and Mannucci [2000] and
our sample of EROs (i − K > 2.6) in the redshift range 1 < z < 2, with the three

K-band limits used before. The top, middle and bottom panels are for the K < 21.0,
22.0 and 23.0 sample respectively. The red circles and blue triangles are known passive
and star-forming galaxies respectively.
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Figure 6.4: The (J − K) vs (i − K) plot for the EROs (i − K > 2.6) in the sample at

redshift 1 < z < 2. The line dividing the passive and dusty star-forming regions is defined as
(J − K)AB = 0.36(i − K)AB + 0.02 from Pozzetti and Mannucci [2000]. The top, middle and
bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The red circles and
blue triangles are known passive and star-forming galaxies respectively.
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Table 6.4: The distribution of known galaxy populations on the (J − K) vs (i − K) diagram.
Columns 2 and 3 show how the known passive and star-forming targets are distributed.

Passive

Star-forming

K < 21.0(totals)

83

31

(J − K) vs (i − K) Passive

82

20

(J − K) vs (i − K) Star-forming

1

11

K < 22.0(totals)

119

61

(J − K) vs (i − K) Passive

117

34

(J − K) vs (i − K) Star-forming

2

27

K < 23.0(totals)

120

63

(J − K) vs (i − K) Passive

117

35

3

28

(J − K) vs (i − K) Star-forming

Assessment of the (J − K) vs (i − K) Diagram
The (J − K) vs (i − K) diagram was assessed using the same procedure as for the BzK

diagram. The results are summarised in Table 6.4. The (J − K) vs (i − K) technique

is successful at selecting passively evolving EROs at high-redshift but it is susceptible
to high levels of contamination from dusty star-forming galaxies.
Optimising the (J − K) vs (i − K) Diagram
From the results presented above it is clear that the (J − K) vs (i − K) technique can
be optimised. This was done using the same method as for the BzK diagram.

This method has been applied to the three samples studied above and the resulting
optimal population dividers can be seen in Figure 6.5 as solid black lines. The symbols
are as in Figure 6.4, the top, middle and bottom panels are for the K < 21.0, 22.0 and
23.0 samples respectively.
The optimal ERO population division lines are defined in Equation 6.4, 6.5 and 6.6
and the eﬀectiveness of the optimised (J − K) vs (i − K) technique is summarised in
Table 6.5.
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Figure 6.5: The (J −K) vs (i−K) plot for the EROs (i−K > 2.6) in the sample at 1 < z < 2.
The black lines are the optimised population dividers, discussed in the text. The top, middle
and bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The red circles
and blue triangles are known passive and star-forming galaxies respectively.
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Table 6.5: The distribution of known galaxy populations on the optimised (J − K) vs (i − K)
diagram. Columns 2 and 3 show how the known passive and star-forming targets are distributed
on the (J − K) vs (i − K) diagram.

Passive

Star-forming

K < 21.0(totals)

83

31

(J − K) vs (i − K) Passive

71

10

(J − K) vs (i − K) Star-forming

12

21

K < 22.0(totals)

119

61

(J − K) vs (i − K) Passive

106

15

(J − K) vs (i − K) Star-forming

13

46

K < 23.0(totals)

120

63

(J − K) vs (i − K) Passive

100

13

20

50

(J − K) vs (i − K) Star-forming

(J − K) = 0.36(i − K) − 0.15

for

K < 21.0

(6.4)

(J − K) = 0.36(i − K) − 0.13

for

K < 22.0

(6.5)

(J − K) = 0.36(i − K) − 0.15

for

K < 23.0

(6.6)

Allowing for a small reduction in the selecting eﬃciency of passive galaxies the contamination from dusty star-forming galaxies has been heavily reduced. The optimised
selection technique is essentially the same across the three samples.
From the analysis above, and the results shown in Table 6.5, the passive fraction of
EROs at 1 < z < 2 is calculated as described in Table 6.6 which takes into account the
known levels of contamination between the regions. The numerator of each fraction is
the total number of believed passive galaxies and the denominator in each fraction is
the total number of EROs at 1 < z < 2.
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Table 6.6: The formulae for calculating the passive fraction for each of the optimised (J −
K) vs (i − K) diagrams. P is the total number of galaxies selected to be passive, S is the

total number of galaxies selected as star-forming and the T is the total number of EROs in the
redshift range 1 < z < 2.

6.1.3

K-band cut

Passive Fraction

K < 21.0

P 71
+S 12
81
33
T

K < 22.0

P 106
+S 13
121
59
T

K < 23.0

P 100
+S 20
113
70
T

The (V − J) vs (U − V )Rest-frame Technique

Using specific star-formation rates of galaxies, Williams et al. [2009] have recently published a technique to divide passive and star-forming galaxies out to z = 2 using the
(V − J) and (U − V ) rest-frame colours of galaxies. Here, using our spectra and the
rest-frame U , V and J magnitudes acquired from the model SED fits, the passive galaxy
selection criteria from Williams et al. [2009] for 1 < z < 2 galaxies is examined. For
this redshift range Williams et al. [2009] defines a passive galaxy to be one such that
(U − V ) > 0.88(V − J) + 0.4, U − V > 1.3 and V − J < 1.6. Figure 6.6 shows how

our 1 < z < 2 galaxies sit on the (V − J) vs (U − V )Rest-frame plot, compared with

the population division suggested by Williams et al. [2009]. The red circles and blue
triangles are known passive and star-forming galaxies respectively and the solid black
lines define the regions (U − V ) > 0.88(V − J) + 0.49, U − V > 1.3 and V − J < 1.6.
Williams et al. [2009] originally devised this method using the UDS DR1 down to a
K-band limit of K < 22.4.
As with the previous two techniques this one is examined as a function of limiting
K-band magnitude. Figure 6.6 shows the original division made by Williams et al.
[2009] and the galaxies in the spectroscopic sample with 1 < z < 2, at three diﬀerent
K-band limits.
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Figure 6.6: The (V − J) vs (U − V )Rest-frame plot for the 1 < z < 2 galaxies in our sample.

The red circles and blue triangles are known passive and star-forming galaxies respectively,
and the solid black lines define the region supposed to select passive galaxies, (U − V ) >

0.88(V − J) + 0.49, U − V > 1.3 and V − J < 1.6. The top, middle and bottom panels are for
the K < 21.0, 22.0 and 23.0 samples respectively.
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Table 6.7: The distribution of known galaxy populations on the (V − J) vs (U − V )Rest-frame

diagram. Columns 2 and 3 show how the known passive and star-forming targets are distributed
on the (V − J) vs (U − V )Rest-frame diagram.

Passive

Star-forming

K < 21.0(totals)

92

35

(V − J) vs (U − V )Rest-frame Passive

30

4

(V − J) vs (U − V )Rest-frame Star-forming

62

31

K < 22.0(totals)

140

130

(V − J) vs (U − V )Rest-frame Passive

38

5

(V − J) vs (U − V )Rest-frame Star-forming

102

125

K < 23.0(totals)

142

238

(V − J) vs (U − V )Rest-frame Passive

38

5

104

233

(V − J) vs (U − V )Rest-frame Star-forming

Assessment of the (V − J) vs (U − V )Rest-frame Diagram
This technique was assessed in the same way as the BzK and (J − K) vs (i − K)
diagrams. The assessment of the selection techniques for the spectroscopic sample is
shown in Table 6.7.
It is clear from these results that this technique selects a passive sample with low
levels of contamination from star-forming galaxies, but at the expense of missing a large
fraction of genuinely passive galaxies. Conversely it selects a very high fraction of the
star-forming galaxies at the expense of high levels of contamination from the passive
population.
Optimising the (V − J) vs (U − V )Rest-frame Technique
Similar to the previous selection techniques, the (V − J) vs (U − V )Rest-frame technique
can be subject to optimisation. This was done using the same method as for the previous
two techniques.
The optimised (V − J) vs (U − V )Rest-frame divider for the three samples can be seen

in Figure 6.7. The red circles and blue triangles are known passive and star-forming
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Table 6.8: The distribution of known galaxy populations on the optimised (V − J) vs (U −
V )Rest-frame diagram. Columns 2 and 3 show how the known passive and star-forming targets
are distributed on the (V − J) vs (U − V )Rest-frame diagram.

Passive

Star-forming

K < 21.0(totals)

92

35

(V − J) vs (U − V )Rest-frame Passive

85

9

(V − J) vs (U − V )Rest-frame Star-forming

7

26

K < 22.0(totals)

140

130

(V − J) vs (U − V )Rest-frame Passive

113

16

(V − J) vs (U − V )Rest-frame Star-forming

27

114

K < 23.0(totals)

142

238

(V − J) vs (U − V )Rest-frame Passive

136

42

6

196

(V − J) vs (U − V )Rest-frame Star-forming

galaxies respectively. The optimal galaxy population dividers for the samples K < 21.0,
22.0 and 23.0 are given in Equations 6.7, 6.8 and 6.9 respectively and the success of
these optimised selection techniques is summarised in Table 6.8.

(U − V ) > 0.88(V − J) + 0.21, U − V > 1.26, V − J < 1.8

for

K < 21.0 (6.7)

(U − V ) > 0.88(V − J) + 0.21, U − V > 1.29, V − J < 1.8

for

K < 22.0 (6.8)

(U − V ) > 0.88(V − J) − 0.01, U − V > 1.19, V − J < 1.8

for

K < 23.0 (6.9)

The optimised method has heavily increased the number of passive galaxies selected,
and has reduced the contamination levels in the star-forming selection region while only
slightly reducing the selection eﬃciency of star-forming galaxies. The cut of V −J < 1.8

maybe a bit large as this is only anchored by two passive galaxies with extreme colours.
From the analysis above, and the results in Table 6.8, the passive fraction of galaxies
at 1 < z < 2 is calculated as described in Table 6.9 which takes into account the known
levels of contamination between the regions. The numerator of each fraction is the total
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Figure 6.7: The (V − J) vs (U − V )Rest-frame plot for the 1 < z < 2 galaxies in our sample.
The red circles and blue triangles are known passive and star-forming galaxies respectively and
the solid black lines are the optimised galaxy population dividers discussed in the text. The
top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively.
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Table 6.9: The formulae for calculating the passive fraction for each of the optimised (V −
J) vs (U − V )Rest-frame diagram. P is the total number of galaxies selected to be passive, S is

the total number of galaxies selected as star-forming, and T is the total number of galaxies in
the redshift range 1 < z < 2.

K-band cut

Passive Fraction

K < 21.0

7
P 85
+S 33
94
T

K < 22.0

27
P 113
+S 141
129
T

K < 23.0

6
P 136
+S 202
178
T

number of believed passive galaxies and the denominator in each fraction is the total
number of galaxies at 1 < z < 2.

6.2

Further Optimisation of the BzK Diagram with Photometric Redshifts

Optimising the BzK diagram with a sample of galaxies with spectroscopic redshifts has
the benefit that it is known exactly which galaxies should be located in each region.
However this technique has the obvious disadvantage that the spectroscopic sample is
small. Therefore the further optimisation of the BzK diagram was investigated using
the available high quality photometric redshifts in the UDS (courtesy of Dr. Michele
Cirasuolo).
Similar to before a Cspec and Ispec index were calculated for each combination of parameters defining the galaxy population division but only based on whether the galaxies
are above or below z = 1.4. A Cphoto and Iphoto were also calculated from how well the
combination of parameters divided the low- and high-redshift photometric sample. The
C index for each combination of parameters was now equal to, C = Cspec × Cphoto and
similarly for the I index, I = Ispec × Iphoto

Reassuringly, including the photometric redshift data did not change the optimal

galaxy population dividers which were calculated from the spectroscopic data. The
location of the photometric redshift catalog on the optimised (using only spectroscopic
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targets) BzK diagram can be seen in Figures 6.8, 6.9 and 6.10 for the K < 21.0,
22.0 and 23.0 samples respectively. The solid black lines plotted in the top and bottom
panels are the optimised galaxy population divider calculated with just the spectroscopic
sample, defined in Section 6.1.1. The red circles, blue triangles and black crosses are
for spectroscopic passive, star-forming and low redshift targets respectively. The grey
dots in the upper panels are targets from the photometric redshift catalog with zphoto <
1.4 and the green dots in the lower panels are targets from the photometric redshift
catalog with 1.4 < zphoto < 2.5. The two populations have been plotted separately
for clarity. It is clear from the figures that the optimised population dividers did not
require movement.

6.3

Estimating the Passive Fraction at High-Redshift with
Photometric Methods

It is of an interest to calculate the high-redshift passive fraction simply from a complete
K-band selected sample as the spectroscopic sample has additional criteria in place.
Using the optimised galaxy population dividers defined above from the spectroscopic
data it is possible to estimate the passive fraction of various samples at high-redshift.

6.3.1

Using the BzK Diagram

Figure 6.11 shows the evolution of the optimised BzK diagram with increasingly deeper
cuts in the K-band magnitude for the full 0.8 deg2 area of the UDS. The top, middle and
bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The red, blue
and black dots are for galaxies selected to be 1.4 < z < 2.5 and passive, 1.4 < z < 2.5
and star-forming, and z < 1.4 respectively, and the grey dotted lines represent the
optimal population dividers. The distinct trail of black dots in the low-redshift region
is the stellar locus containing all the stars with BzK measurements.
In the K < 21.0 sample there are 10902 objects with 447 selected to be passively
evolving at 1.4 < z < 2.5 and 609 selected to be star-forming at 1.4 < z < 2.5 and 9846
expected to be at z < 1.4. This gives a passive fraction for the K < 21.0, 1.4 < z < 2.5
Universe of 447/1056 (∼ 42%).
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Figure 6.8: The optimised BzK diagram for the K < 21.0 sample. The solid black lines plotted
in the top and bottom panels are the optimised galaxy population dividers calculated with just
the spectroscopic sample, as defined in Section 6.1.1. The red circles, blue triangles and black
crosses are for spectroscopic passive, star-forming and low redshift targets respectively. The
grey dots in the upper panel are targets from the photometric catalog with zphoto < 1.4 and the
green dots in the lower panel are targets from the photometric catalog with 1.4 < zphoto < 2.5.
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Figure 6.9: The optimised BzK diagram for the K < 22.0 sample. The solid black lines plotted
in the top and bottom panels are the optimised galaxy population dividers calculated with just
the spectroscopic sample, as defined in Section 6.1.1. The red circles, blue triangles and black
crosses are for spectroscopic passive, star-forming and low redshift targets respectively. The
grey dots in the upper panel are targets from the photometric catalog with zphoto < 1.4 and the
green dots in the lower panel are targets from the photometric catalog with 1.4 < zphoto < 2.5.
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Figure 6.10: The optimised BzK diagram for the K < 23.0 sample. The solid black lines
plotted in the top and bottom panels are the optimised galaxy population dividers calculated
with just the spectroscopic sample, as defined in Section 6.1.1. The red circles, blue triangles and
black crosses are for spectroscopic passive, star-forming and low redshift targets respectively.
The grey dots in the upper panel are targets from the photometric catalog with zphoto < 1.4 and
the green dots in the lower panel are targets from the photometric catalog with 1.4 < zphoto <
2.5.
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Figure 6.11: The optimised BzK diagram applied to the full UDS DR8 photometric sample.
The top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively.
The red, blue and black dots are for galaxies selected to be 1.4 < z < 2.5 and passive, 1.4 < z <
2.5 and star-forming, and z < 1.4 respectively, and the grey dotted lines represent the optimal
population dividers.
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In the K < 22.0 sample there are 22425 objects with 1176 selected to be passively
evolving at 1.4 < z < 2.5 and 3510 selected to be star-forming at 1.4 < z < 2.5 and
17739 expected to be at z < 1.4. This gives a passive fraction for the K < 22.0,
1.4 < z < 2.5 Universe of 1176/4686 (∼ 25%).
In the K < 23.0 sample there are 42315 objects with 1434 selected to be passively
evolving at 1.4 < z < 2.5 and 11419 selected to be star-forming at 1.4 < z < 2.5
and 29462 expected to be at z < 1.4. This gives a passive fraction for the K < 23.0,
1.4 < z < 2.5 Universe of 1434/12853 (∼ 11%).
From cuts of K = 21 − 23 the passive fraction appears to approximately half with

every increased magnitude of depth in the K-band. These raw values can be corrected

for the known contamination levels and the known fraction of passive objects missed by
the optimised selection process using the equation in Table 6.3.
For the K < 21.0 sample the estimated total number of passively evolving galaxies
is 447 × (23/41) + 609 × (3/13) + 9846 × (2/78) ≈ 644 and the estimated total number
of galaxies at 1.4 < z < 2.5 is 447 × (25/41) + 609 × (13/13) + 9846 × (2/78) ≈ 1134.
Therefore the corrected passive fraction is ≈ 644/1134 ≈ 57%.

Using the same approach the corrected passive fractions for the K < 22.0 and

K < 23.0 samples are ∼ 1322/3745 ≈ 35% and ∼ 1915/10793 ≈ 18% respectively.
These corrected values have increased the passive fraction by approximately 35%, 40%
and 65% respectively for the sample limited by K < 21.0, K < 22.0 and K < 23.0.
The passive fraction for the K < 21 sample is in agreement with that estimated
from the K < 21.5 spectroscopic sample in Section 5.8. Even though there was a V , i
and z cut involved in the spectroscopic sample that stopped bluer objects making it in
to the sample at a K cut of K < 21.5, the majority of the objects are massive systems
so there will be low contamination from blue systems.
If one was to use the original BzK diagram (with filter corrections from Hartley
et al. 2008) the respective passive fractions would be 54/469 ≈ 12%, 163/2977 ≈ 5%

and 190/9805 ≈ 2% for the K < 21.0, K < 22.0 and K < 23.0 samples. These estimates

range from a factor 5 to 10 below the estimates made with the optimised system (see
Figure 6.12). This issue can be highlighted in the Hartley et al. [2008] paper itself
where Hartley et al. [2008] finds 702 passive BzK galaxies for 11551 star-forming BzK
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galaxies for the K < 23 sample of the UDS data release 1 (DR1). This gives a passive
fraction of the of 702/16213 ≈ 0.5% which is a factor of ∼ 20 below what was found from

study here using UDS DR8. How this misclassification of galaxies eﬀects the clustering
analysis in Hartley et al. [2008] is beyond the scope of the work here.

6.3.2

Using the (J − K) vs (i − K) Diagram

In Figure 6.13 the division between passively-evolving and dusty star-forming EROs, as
estimated by the (J − K) vs (i − K) technique, can be seen as a function of limiting

K-band magnitude. The top, middle and bottom panels are for the K < 21.0, 22.0
and 23.0 samples respectively. The red and blue dots are for 1 < z < 2 passive and
star-forming galaxies respectively, and the grey dotted line depicts the optimal divider.
In the K < 21.0 sample there are 521 EROs in the redshift range 1 < z < 2.
Of these, 280 of them are selected to passive while 241 are selected to be dusty starformings. Therefore the passive fraction of EROs at 1 < z < 2 with K < 21.0 is 280/521
(∼ 54%). This is essentially unchanged for the K < 22.0 sample at 954/1765 (∼ 54%)
and falls oﬀ to 1208/2925 (∼ 41%) for the K < 23.0 sample.
These values can be corrected for contamination and estimated fraction of missed
targets (see Table 6.6). For the K < 21.0 sample the estimate of the total number of
passive EROs at 1 < z < 2, taking into account contamination, is 280 × (71/81) and the

estimated number of missed targets is 241 × (12/33). Therefore, the passive fraction is
∼ 333/521 ≈ 64%. The corrected value for the K < 22.0 sample is ∼ 1014/1765 ≈ 57%

and for the K < 23.0 sample is ∼ 1560/2925 ≈ 53%. The passive fraction of EROs,

therefore is reasonably consistent with respect to the K-band magnitude down to K =
23.
The passive fraction found with the optimised BzK technique for the K < 21.0 is
in good agreement with the estimations found here for bright EROs. This result can
be understood when the K vs. i − K colur-magnitude diagram is investigated. For all

galaxies in the UDS DR8 sample with a redshift in the range 1 < z < 2.5 the K vs.
i − K colour-magnitude diagram is shown in Figure 6.14. The horizontal black dashed

line highlights the colour threshold for an ERO, i − K = 2.6, and the vertical black
dashed lines represent the three K-band cuts invoked in the above analysis, K = 21.0,

165

6.3. ESTIMATING THE PASSIVE FRACTION AT HIGH-REDSHIFT WITH
PHOTOMETRIC METHODS

Figure 6.12: The original BzK diagram applied to the full UDS DR8 photometric sample. The
top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0 samples respectively. The
red, blue and black dots are for galaxies selected to be 1.4 < z < 2.5 and passive, 1.4 < z < 2.5
and star-forming, and z < 1.4 respectively and the grey dotted lines represent the original
population dividers.

166

6.3. ESTIMATING THE PASSIVE FRACTION AT HIGH-REDSHIFT WITH
PHOTOMETRIC METHODS

Figure 6.13: The optimised (J − K) vs (i − K) technique applied to the full UDS DR8
photometric sample. The top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0
samples respectively. The red and blue dots are for 1 < z < 2 passive and star-forming galaxies
respectively. The grey dotted line depicts the optimal divider.
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Figure 6.14: The K vs. i − K colour-magnitude diagram for all galaxies in the UDS DR8

sample such that 1 < zphoto < 2.5. The horizontal black dashed line highlights the colour for
for an ERO, i − K = 2.6, and the vertical black dashed lines represent the three K-band cuts
invoked in the above analysis, K = 21.0, 22.0 and 23.0.

22.0 and 23.0.
The K < 21.0 sample is made up of ∼ 70% EROs therefore the bright samples

studied in the analysis of the BzK diagram and the (J − K) vs (i − K) technique have

a very large overlap. The ERO fraction within the K-band limited samples drops to
∼ 54% and ∼ 31% for the K < 22 and K < 23 samples respectively. This supports the

results that the passive fraction of simply K-band selected galaxies drops oﬀ as opposed
to the ERO population which stay consistent with increasing K-band depth.
If one was to use the original (J − K) vs (i − K) diagram the respective passive

fractions would be 460/521 ≈ 88%, 1390/1765 ≈ 79% and 2048/2925 ≈ 70% for the
K < 21.0, K < 22.0 and K < 23.0 samples (see Figure 6.15). These estimates are
overpredicting the passive fraction by approximately 30-40% in all samples compared
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to the optimised diagram.

6.3.3

Using the (V − J) vs (U − V )Rest-frame Diagram

In Figure 6.16 the division between passively-evolving and star-forming galaxies at 1 <
z < 2, as estimated by the (V − J) vs (U − V )Rest-frame technique, can be seen as
a function of limiting K-band magnitudes. The top, middle and bottom panels are

for the K < 21.0, 22.0 and 23.0 samples respectively. The red and blue dots are for
1 < z < 2 passive and star-forming galaxies respectively and the grey dotted lines depict
the optimal dividers.
In the K < 21.0 sample there are 1190 galaxies in the redshift range 1 < z < 2.
Of these, 283 of them are selected as passive while 907 are selected to be dusty starforming galaxies. Therefore the passive fraction at 1 < z < 2 with K < 21.0 is 283/1190
(∼ 24%). This then falls oﬀ to 507/4453 (∼ 11%) for the K < 22.0 sample 1755/10607
(∼ 17%) for the K < 23.0.
As before, these values can be corrected for contamination and the estimated fraction
of missed targets using the formulae in Table 6.9. Therefore for the K < 21.0 sample
the estimate of the total number of passive galaxies at 1 < z < 2, taking into account
contamination, is 283 × (85/94) and the estimated number of missed targets is 907 ×

(7/33), therefore the passive fraction is ∼ 448/1190 ≈ 38%. The corrected value for
the K < 22.0 sample is ∼ 1200/4453 ≈ 27% and for the K < 23.0 sample is ∼
1604/10607 ≈ 15%. This method predicts a passive fraction which is typically a factor
of 1.5-3.5 below that produced by other techniques. This fraction is going to be model
dependent and an SED estimate is required to estimate the rest-frame magnitudes this
could be a cause of the disagreement.
Using the original (V − J) vs (U − V )Rest-frame diagram the passive are even lower

at 70/1190 ≈ 6%, 153/4453 ≈ 3% and 191/10607 ≈ 2% for the K < 21.0, 22.0 and 23.0
samples respectively (see Figure 6.17).

The Poisson errors on all of the above passive fraction are in the range ±10 − 20%.
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Figure 6.15: The original (J −K) vs (i−K) technique applied to the full UDS DR8 photometric
sample. The top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0 samples
respectively. The red and blue dots are for 1 < z < 2 passive and star-forming galaxies
respectively. The grey dotted line depicts the original divider.
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Figure 6.16: The optimised (V − J) vs (U − V )Rest-frame technique applied to the full UDS
DR8 photometric sample. The top, middle and bottom panels are for the K < 21.0, 22.0 and
23.0 samples respectively. The red and blue dots are for 1 < z < 2 passive and star-forming
galaxies respectively. The grey dotted line depicts the optimal dividers.
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Figure 6.17: The original (V − J) vs (U − V )Rest-frame technique applied to the full UDS DR8
photometric sample. The top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0
samples respectively. The red and blue dots are for 1 < z < 2 passive and star-forming galaxies
respectively. The grey dotted line depicts the original dividers.
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6.4

Separating Galaxy Populations with the Next Generation of Optical-NearIR Surveys

The Visible and Infrared Survey Telescope for Astronomy (VISTA) is the first of the
new generation of NIR wide-field survey telescopes. Therefore it would be interesting to see how the above selection techniques work with the filters from the VISTA
telescope. Using the best-fitting spectral energy distribution models found using the
method described in Chapter 4 for the spectroscopic targets and the filters from the
VISTA telescope the expected magnitudes in each band for each of the galaxies in the
spectroscopic sample were estimated.

6.4.1

The BzK Diagram

A large public survey which is currently underway on VISTA is the VISTA Deep Extragalactic Observations (VIDEO) Survey (PI. Dr Matt Jarvis), and an optimised VISTA
filter BzK diagram could be of great use to this survey. The K band can be replaced
with the VISTA Ks filter and in addition, the VIDEO survey has accompanying Canada
France Hawaii Telescope (CFHT) data; g-band, which is similar to the B-band, and
z-band. Therefore an adapted gzKs diagram can be constructed to select star-forming
and passive galaxies at high-redshift.
For the spectroscopic sample of galaxies used above to optimise the BzK diagram
the expected magnitudes in the VISTA and CHFT telescope bands were determined by
integrating the best-fitting stellar population models over the filter profiles.
Figure 6.18 shows the gzKs diagram for the galaxies in the sample with the original
BzK galaxy population dividers (i.e. gzKs < −0.2 and z − Ks > 2.5 where gzKs =
(z − Ks ) − (g − z)) overplotted (grey lines). As done previously, the sample has been
studied in increasing depths in the Ks -band magnitude. The top, middle and bottom

panels are for the Ks < 21.0, 22.0 and 23.0 sample respectively. The red circles and
blue triangles are known passive and star-forming galaxies respectively and the black
crosses are galaxies with zspec < 1.4.
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Figure 6.18: The gzKs diagram for galaxies in the spectroscopic sample. The top, middle and
bottom panels are for the Ks < 21.0, 22.0 and 23.0 sample respectively. The red circles and
blue triangles are known passive and star-forming galaxies respectively based of the definition
in Section 5.8 and the black crosses and galaxies with zspec < 1.4. The grey solid lines are
defined by gZKs < −0.2 and z − Ks > 2.5 where gzKs = (z − Ks ) − (g − z))
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Table 6.10: The distribution of known galaxy populations on the gzKs diagram. Columns 2,
3 and 4 shows how the known passive, star-forming and low-redshift targets are distributed.

Passive

Star-forming

Low-redshift

Ks < 21.0(totals)

31

12

100

p-gzKs

6

0

8

sf-gzKs

20

12

24

low-z-gzKs

5

0

68

Ks < 22.0(totals)

43

46

205

p-gzKs

7

0

8

sf-gzKs

30

46

79

low-z-gzKs

6

0

118

Ks < 23.0(totals)

44

85

285

p-BzK

7

0

8

sf-BzK

31

85

132

low-z-BzK

6

0
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Assessment of the Original BzK Dividers on the gzKs Diagram
The gzKs diagram has been assessed in exactly the same way as the original BzK
diagram. The results can be seen in Table 6.10 and, as expected, the population dividers
defined originally in BzK space are not appropriate.
Optimising the gzKs Diagram
From Figure 6.18 it is clear that the dividers require optimisation to improve galaxy
population selection. This was done with the same method used for the original BzK
diagram and the optimised gzKs diagram can be seen in Figure 6.19 and the calculated
optimal population dividers are as follows:
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Figure 6.19: Optimised gZKs diagram. The symbols are as in Figure 6.18, the top, middle
and bottom panels are for the Ks < 21.0, 22.0 and 23.0 samples respectively. The solid grey
lines show the optimised galaxy population dividers.
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Table 6.11: The distribution of known galaxy populations in the optimised gZKs diagram.
Columns 2, 3 and 4 shows how the known passive, star-forming and low-redshift targets are
distributed.

Passive

Star-forming

Low-redshift

Ks < 21.0(totals)

31

12

100

p-gzKs

23

2

29

sf-gzKs

5

10

0

low-z-gzKs

3

0

71

Ks < 22.0(totals)

43

46

205

p-gzKs

35

4

50

sf-gzKs

8

37

17

low-z-gzKs

0

5

138

Ks < 23.0(totals)

44

85

285

p-gzKs

33

3

49

sf-gzKs

11

73

45

low-z-gzKs

0

6

191

gzKs < 0.43, z − Ks > 2.39

for

Ks < 21.0

(6.10)

gzKs < 0.49, z − Ks > 2.24

for

Ks < 22.0

(6.11)

gzKs < 0.43, z − Ks > 2.24

for

Ks < 23.0,

(6.12)

where gzKs = (z − Ks ) − (g − z). The results of this optimisation and eﬀectiveness of

this method are summarised in Table 6.11. With the exception of the z − Ks cut found
for the K < 21.0 sample the optimised diagrams are very similar for all samples.

These results are similar to what was achieved by optimising the BzK diagram. As
before the formulae for calculating the passive fraction, taking into account the known
levels of contamination and missed selection, is presented in Table 6.12. Again, the
numerator of each fraction is the total number of believed passive galaxies and the
denominator in each fraction is the total number of high-redshift galaxies.
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Table 6.12: The formulae for calculating the passive fraction for each of the optimised gzKs
diagram. P is the total number of galaxies selected to be passive, S is the total number of
galaxies to be selected as star-forming, and the L is the total number of galaxies selected as
low-redshift objects.

K-band cut

Passive Fraction

K < 21.0

5
3
P 23
+S 15
+L 74
54
15
3
P 25
+S
+L
54
15
74

K < 22.0
K < 23.0

6.4.2

8
P 35
+S 62
89
39
45
5
P 89 +S 62 +L 143
84
P 33
+S 129
85
36
84
6
P 85 +S 129 +L 197

The (J − K) vs (i − K) Diagram

To go along with the Ks -band mentioned above the VISTA telescope has a J-band and
the VIDEO survey has accompanying i-band data. Therefore as was done with the
BzK diagram, a (J − Ks ) vs (i − Ks ) diagram can be constructed for the spectroscopic
targets. As before the i-, J- and Ks -band magnitudes were estimated for our targets
by integrating the best-fitting stellar population models for each across the VISTA and
CHFT filters.
Figure 6.20 shows the (J − Ks ) vs (i − Ks ) plot for the ERO (i − K > 2.6) 1 < z < 2

galaxy sample. The sample is divided by cuts in the K-band magnitude. The top,

middle and bottom panels are for the Ks < 21.0, 22.0 and 23.0 samples respectively. The
red circles and blue triangles are known passive and star-forming galaxies respectively.
Assessment of the Original (J − K) vs (i − K) Dividers on the (J − Ks ) vs (i − Ks )
Diagram

The assessment of the original (J − K) vs (i − K) population division on the (J −
Ks ) vs (i−Ks ) diagram is presented in Table 6.13. As with the original (J −K) vs (i−K)
technique, passive EROs are well selected but there is very high contamination from
the star-forming objects.
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Figure 6.20: The (J − Ks ) vs (i − Ks ) plot for the ERO (i − Ks > 2.6) 1 < z < 2 galaxy
sample. The black lines are the population dividers from Pozzetti and Mannucci [2000] to

separate passively evolving and dusty star-forming galaxies. The top, middle and bottom panels
are for the K < 21.0, 22.0 and 23.0 samples respectively. The red circles and blue triangles are
known passive and star-forming galaxies respectively.
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Table 6.13: Table presenting the distribution of known galaxy populations on the original
(J − Ks ) vs (i − Ks ) diagram. Columns 2 and 3 show how the known passive and star-forming
targets are distributed.

Passive

Star-forming

K < 21.0(totals)

98

35

(J − K) vs (i − K) Passive

97

23

(J − K) vs (i − K) Star-forming

1

12

K < 22.0(totals)

134

76

(J − K) vs (i − K) Passive

131

41

(J − K) vs (i − K) Star-forming

3

35

K < 23.0(totals)

135

78

(J − K) vs (i − K) Passive

131

41

4

37

(J − K) vs (i − K) Star-forming

Optimising the (J − Ks ) vs (i − Ks ) Diagram
Using the method adopted throughout this Chapter, the (J − Ks ) vs (i − Ks ) diagram

has been optimised to separate passive and star-forming EROs at high-redshift. The
optimised population divider can be seen in Figure 6.21, and is defined as follows:

(J − Ks ) = 0.36(i − Ks ) − 0.03

for

Ks < 21.0

(6.13)

(J − Ks ) = 0.36(i − Ks ) − 0.02

for

Ks < 22.0

(6.14)

(J − Ks ) = 0.36(i − Ks ) − 0.03

for

Ks < 23.0,

(6.15)

The optimal dividing lines are nearly identical in definition and as with the original
(J − K) vs (i − K) diagram, have sacrificed the selection of some passive EROs to lower
the levels of contamination from the star-forming galaxies. The eﬀectiveness of this
technique is presented in Table 6.14
Even after optimisation there is still a significant amount of contamination of passive
galaxy in the star-forming region indicating that there is no clear separation between the
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Figure 6.21: The (J −Ks ) vs (i−Ks ) plot for the ERO (i−Ks > 2.6) 1 < z < 2 galaxies in our

sample. The black lines are the optimised population dividers, discussed in detail in the text.
The top, middle and bottom panels are for the K < 21.0, 22.0 and 23.0 sample respectively.
The red circles and blue triangles are known passive and star-forming galaxies respectively.
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Table 6.14: The distribution of known galaxy populations on the optimal (J − Ks ) vs (i − Ks )

diagram. Columns 2 and 3 show how the known passive and star-forming targets are distributed.

Passive

Star-forming

Ks < 21.0(totals)

98

35

(J − Ks ) vs (i − Ks ) Passive

92

17

(J − Ks ) vs (i − Ks ) Star-forming

6

18

Ks < 22.0(totals)

134

76

(J − Ks ) vs (i − Ks ) Passive

125

33

(J − Ks ) vs (i − Ks ) Star-forming

9

43

Ks < 23.0(totals)

135

78

(J − Ks ) vs (i − Ks ) Passive

123

32

12

46

(J − Ks ) vs (i − Ks ) Star-forming

Table 6.15: The formulae for calculating the passive fraction for each of the optimised (J −
Ks ) vs (i − Ks ) diagrams. P is the total number of galaxies selected to be passive, S is the total
number of galaxies selected as star-forming, and the T is the total number of galaxies.

Ks -band cut

Passive Fraction

Ks < 21.0

92
6
P 109
+S 24
T

Ks < 22.0

9
P 125
+S 52
158
T

Ks < 23.0

P 123
+S 12
155
58
T

galaxy populations using these filters. As before the formulae for calculating the passive
fraction taking into account the known levels of contamination and missed selection is
presented in Table 6.15. Again, the numerator of each fraction is the total number
of believed passive EROs and the denominator in each fraction is the total number of
EROs at 1 < z < 2.
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Table 6.16: The distribution of known galaxy populations on the original gZKs diagram.
Columns 2, 3 and 4 shows how the known passive, star-forming and low-redshift targets are
distributed.

6.4.3

Passive

Star-forming

Low-redshift

Ks < 21.0(totals)

31

12

100

p-BzK

6

0

7

sf-BzK

21

12

26

low-redshift-BzK

4

0

67

Ks < 22.0(totals)

43

46

205

p-BzK

7

0

8

sf-BzK

32

46

82

low-redshift-BzK

4

0

115

Ks < 23.0(totals)

44

85

285

p-BzK

7

0

8

sf-BzK

33

85

132

low-redshift-BzK

4

0

145

Another BzK Diagram

The VIDEO survey will soon receive imaging data from the VISTA Z-band so, following
on from the gzKs diagram above, a gZKs diagram has been developed, using VISTA
Z and Ks filters and the g-band from CFHT.
Figure 6.22 shows the gZKs diagram for the galaxies in the sample with the original
BzK galaxy population dividers (i.e. gZKs < −0.2 and Z − Ks > 2.5 where gZKs =
(Z − Ks ) − (g − Z)) overplotted (grey lines). The figure structure and colour-coding is
as in Figure 6.18.

Assessment of the Original BzK Dividers on the gZKs Diagram
The results from comparing the spectroscopic sample on the gZKs with the original
BzK dividers can be seen in Table 6.16
As with the gzKs diagram the population dividers defined originally in BzK space
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Figure 6.22: The gZKs diagram for galaxies in the spectroscopic sample. The top, middle
and bottom panels are for the Ks < 21.0, 22.0 and 23.0 sample respectively. The red circles and
blue triangles are known passive and star-forming galaxies respectively based of the definition
in Section 5.8 and the black crosses and galaxies with zspec < 1.4. The grey dotted lines are
defined by gZKs < −0.2 and Z − Ks > 2.5 where gZKs = (Z − Ks ) − (g − Z))
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are not appropriate.
Optimising the gZKs Diagram
Using the same method as throughout the gZKs diagram has been optimised and is
shown in Figure 6.23 and the calculated optimal dividers are given in Equation 6.16,
6.17 and 6.18 for the K < 21.0, 22.0 and 23.0 samples respectively.

gZKs < 0.5, z − Ks > 2.38

for

Ks < 21.0

(6.16)

gZKs < 0.53, z − Ks > 2.38

for

Ks < 22.0

(6.17)

gZKs < 0.55, z − Ks > 2.38

for

Ks < 23.0,

(6.18)

where gZKs = (z − Ks ) − (g − Z).

The success of the optimised method is summarised in Table 6.17 and the formulae

for calculating the passive fraction at high-redshift are given in Table 6.18.

6.5

Initial Estimation of the Passive Fraction from the VIDEO
Catalog

The VIDEO survey provides the opportunity to compare the passive fraction of highredshift K-band selected galaxies and EROs calculated above for the UDS field with the
fractions in an independent field, the VIMOS-VLT Deep Survey (VVDS) field. Using
the gzKs and (J − Ks ) vs (i − Ks ) methods developed previously the passive fractions
from the VIDEO D1 catalog have been estimated.

6.5.1

Using the gzKs Diagram

The buildup of the gzKs diagram as a function of Ks -band magnitude can be seen in
Figure 6.24 for the first data release from the VIDEO survey.
Using the formulae in Table 6.12 the fraction of passive to star-forming galaxies as a
function of Ks -band magnitude is 321/454 ≈ 71%, 795/2532 ≈ 31% and 1763/8994 ≈
20% for K < 21, 22 and 23 samples respectively. The results for the Ks < 22.0 and 23.0
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Figure 6.23: The optimised gZKs diagram. The symbols are as in Figure 6.22, the top,
middle and bottom panels are for the Ks < 21.0, 22.0 and 23.0 samples respectively. The solid
grey lines show the optimised galaxy population dividers.
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Table 6.17: The distribution of known galaxy populations on the optimised gZKs diagram.
Columns 2, 3 and 4 shows how the known passive, star-forming and low-redshift targets are
distributed.

Passive

Star-forming

Low-redshift

Ks < 21.0(totals)

31

12

100

p-gZKs

26

2

30

sf-gZKs

5

10

2

low-redshift-gZKs

0

0

68

Ks < 22.0(totals)

43

46

205

p-gZKs

33

4

36

sf-gZKs

9

41

17

low-redshift-gZKs

1

1

152

Ks < 23.0(totals)

44

85

285

p-gZKs

34

5

36

sf-gZKs

9

75

34

low-redshift-gZKs

8

2

215

Table 6.18: The formulae for calculating the passive fraction for each of the optimised gzKz
diagram. P is the total number of galaxies selected to be passive, S is the total number of
galaxies to be selected as star-forming and the L is the total number of galaxies selected as
low-redshift objects.

K-band cut

Passive Fraction

Ks < 21.0

5
P 26
+S 17
58
28
15
P 58 +S 17

K< 22.0

9
1
P 33
+S 67
+L 154
73
50
2
P 37
+S
+L
73
67
154

Ks < 23.0

9
8
P 34
+S 118
+L 225
75
39
84
10
P 75 +S 118 +L 225
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Figure 6.24: The optimised BzK diagram applied to the VIDEO D1 sample. The top, middle
and bottom panels are for the Ks < 21.0, 22.0 and 23.0 samples respectively. The red, blue
and black dots are for galaxies selected to be 1.4 < z < 2.5 and passive, 1.4 < z < 2.5 and starforming and z < 1.4 respectively and the grey dotted lines represent the optimal population
dividers.
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samples are consistent with the fraction found with the optimised BzK diagram. But
the fraction for the bright K-band sample is approximately 25% larger but this agrees
within in the errors as all these fraction have Poisson errors of ±10 − 20%.

6.6

Summary and Conclusions

Regularly used photometric techniques for dividing galaxy populations at high redshift
have been assessed with the knowledge of the passivity of the sample of UDSz galaxies
used throughout this thesis. It was found that the standard BzK, (J − K) vs (i − K)

and (V − J) vs (U − V )Rest-frame diagrams are far from optimal at selecting complete
samples with minimum contamination.

Therefore the spectroscopic sample was used to optimise these techniques for K <
21, 22 and 23 samples. From these optimised dividers, along with the known levels
of contamination across the diﬀerent selection regions, optimised formulae for passive
galaxy selection have been presented in Equations 6.1, 6.2 and 6.3 for the BzK diagram,
Equations 6.4, 6.5 and 6.6 for the (J − K) vs (i − K) diagram and Equations 6.7, 6.8
and 6.9 for the (V − J) vs (U − V )Rest-frame diagram.

Using the devised optimal selection techniques, passive galaxy fractions in the high-

redshift Universe have been estimated for K-band selected and ERO selected samples.
From the BzK the passive fraction of K-band selected targets was estimated at 54%,
35% and 18% for K < 21, 22 and 23 samples. The passive fraction for the K < 21
sample is consistent with our results from Section 5.8 for the K < 21.5, 1.3 < z < 1.5
Universe. Even though there was also criteria on V , i and z for the spectroscopic sample
this is expected since K < 21.5 galaxies are bright and therefore will tend to be old red
objects so would not be eﬀected by this additional criterion.
The passive fractions of K-band selected objects estimated from the (V −J) vs (U −

V )Rest-frame diagram are consistent with that found with the BzK at 27% and 15% for
the K < 22 and 23 samples. For the K < 21 sample the passive fraction is approximately a factor of 1.5 below that found with the BzK at 38%. But this value is
within the range of values found by Cimatti et al. [2002a] and Smail et al. [2002] and is
consistent with the theoretical prediction from Fontanot and Monaco [2010].
The ratio of passive to star-forming EROs was found with the optimised (J −
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K) vs (i − K) diagram to be 64%, 57% and 53% for the K < 21, 22 and 23 samples respectively. The passive fraction found with the optimised BzK technique for the

K < 21.0 is in good agreement with the estimations found here for bright EROs. This
is expected as ∼ 70% of the K < 21 galaxies are EROs (see Figure 6.14). The results
for the K < 22 and 23 samples are consistent with all the observational results mention
in Section 5.8.1.
In preparation for the arrival of new data from VISTA, the first of a new generation
of wide-field survey telescopes, and an ongoing state of the art survey, VIDEO, BzK and
(J −K) vs (i−K) diagrams have been developed. A gzKs and gZKs diagram have been

developed based on the g- and z-bands from CHFT and Z- and Ks -bands from VISTA
since the VIDEO survey has deep accompanying CHFT data. A (J − Ks ) vs (i − Ks )
has also been developed with the i-band from CFHT and J- and Ks -bands from the
VISTA telescope.
As a test for the passive fraction of a purely K-band selected sample the passive
fraction have been estimated for the VIDEO D1 catalog. This gives an independent
test for the fraction determined above. The passive fractions found with the gzKs
diagram and VIDEO D1 catalog are 71%, 31% and 20% for the Ks < 21, 22 and 23
samples respectively. Which, within the errors, are in agreement with the results from
the optimised BzK diagram.
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Chapter 7

Galaxy Population Studies with
Composite Spectra
Galaxies come in a variety of forms and it is interesting to observe how their spectral
characteristics such as continuum breaks, emission and absorption features and spectral slope change as function of physical characteristics such as stellar-mass, age and
star-formation rate. Composite spectra oﬀer a good way to do this as they provide high
signal-to-noise spectral representations of a sub-sample of galaxies which share a common physical characteristic. In this Chapter, composite galaxy spectra are produced
and compared to composite spectra constructed from previous surveys. Based on these
composite spectra the redshift evolution of spectral characteristics as a function of various physical characteristics is investigated. Age estimates for the composite spectra
are made by doing spectrophotometric fits with stellar synthesis models as was done
previously for the individual galaxy spectra.

7.1

Composite Construction

Composite spectra constructed with the UDSz data in this Chapter were produced
using the method laid out in Section 4.5. In addition to being constructed across a
redshift grid, composite spectra were constructed across grids of various other galaxy
characteristics. Specifically, composite spectra were constructed by dividing the galaxies
into three bins of stellar-mass, absolute K-band magnitude, specific star-formation rate
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Table 7.1: A summary of bins of stellar-mass, absolute K-band magnitude, specific starformation rate and spectral type used in the construction of the composite spectra.

Characteristic

Bin 1

Bin 2

Bin 3

Stellar-mass

M� < 7.5 × 109 M⊙

7.5 × 109 ≤ M� < 5 × 1010 M⊙

M� ≥ 5 × 1010 M⊙

MK

< −24.25

−24.25 ≤ MK < −23.25

MK ≥ −23.25

SSFR
Spectral Type

< 2.5 × 10−10 yr−1
Early

2.5 × 10−9 − 2.5 × 10−10 yr−1
Intermediate

> 2.5 × 10−9 yr−1
Late

and spectral type (see Table 7.1 for details).
Finally, composite spectra were also constructed by splitting the sample into passive
and star-forming galaxies (based on the definition from Section 5.8) and a bin containing
the rare, most massive galaxies (M� > 1011 M⊙ ). This bin contains the most massive
15% of the sample. Details of the classification scheme of early-, intermediate- and
late-type galaxies are described in the following subsection.

7.1.1

Composite Spectra by Galaxy Spectral Type

To decide how to divide the spectroscopic galaxy sample studied here by spectral type,
the approaches taken in previous studies were investigated.
Composite Spectra from the K20 Survey
The classification system invoked by the K20 survey [Mignoli et al., 2005] was based
on assigning each galaxy a four digit code. Each digit could take a value 0, 1 or
2, where 0 was assigned if the spectral feature fell outside of the galaxy spectrum
wavelength coverage. The 4 digits corresponded to four diﬀerent spectral features;
EW[OII], EW(Hα+[NII]), D4000 and C(28-39), see Table 7.2 for the criteria. The first
two digits corresponded to EW [OII] and EW (Hα + [N II]) respectively (where the
equivalent widths were calculated by using the splot package in IRAF). The third digit
relates to the strength of the 4000Å break (D4000) which was calculated using the
definition from Bruzual [1983]. The fourth digit corresponds to the UV colour index
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Table 7.2: Classification criteria for galaxy spectral types from the K20 survey [Mignoli et al.,
2005].

Digit
1
2
3
4

Criteria
1 if EW [OII] < 6Å
2 if EW [OII] ≥ 6Å

1 if EW (Hα + [N II]) < 8Å
2 if EW (Hα + [N II]) ≥ 8Å
1 if D4000 > 1.6
2 if D4000 ≤ 1.6

1 if C(28 − 39) ≥ 1.5
2 if C(28 − 39) < 1.5

C(28-39) defined as,
CI = −2.5 log

fν (2800)
fν (3900)

(7.1)

where fν (2800) and fν (3900) are the mean flux densities in the regions 2550-3050Å and
3750-3950Å respectively.
An early-type galaxy was classified as a galaxy whose all non-zero digits are 1. A
late-type galaxy had all its non-zero digits equal to 2. An intermediate-type galaxy has
the first two digits equal to 2 and the last two equal to 1. For each spectral type of galaxy
a composite spectra was constructed (see Figure 7.1). The K20 early-, intermediateand late-type galaxy composite spectra are plotted in red, green and blue respectively.
The flux units are arbitrary and the spectra are oﬀset from each for clarity.
Composite Spectra from the GDDS Survey
In the GDDS survey [Abraham et al., 2004] the galaxies were classified in a slightly more
subjective manner. The GDDS team initially recorded the lack (0) or presence (1) of a
selection of spectral features, with a (2) if the feature does not fall in the spectral range.
The emission features used were; [OII], [OIII] and Balmer lines blueward of Hβ. The
absorption features used were; Fe2375, Fe2600, Mg2800, Mg2852, Ca H & K, Balmer
break and 4000Å break. A visual classification of each galaxy was then made based on
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Figure 7.1: The early-, intermediate- and late-type galaxy composite spectra from the K20
survey [Mignoli et al., 2005] plotted in red, green and blue respectively.

these features. The GDDS early-, intermediate- and late-type galaxy composite spectra
are plotted in red, green and blue respectively in Figure 7.2. The flux units are arbitrary
and the spectra are oﬀset from each for clarity.
Devising a Classification Scheme for the UDSz Sample
To establish an initial estimate of the galaxy spectral type for the objects in the UDSz
sample each object was fitted with the composite spectra from the K20 and GDDS surveys (see Figures 7.1 and 7.2). The 4000Å break (D4000; Bruzual 1983), the equivalent
width of the [OII] emission line (EW[OII]), the UV spectral slope index (CI) and the
Balmer break [Kriek et al., 2006] (all defined in Section 4.3) were measured for each
galaxy. Then using the initial estimate of galaxy spectral type from the fitting of the
spectra to the K20 and GDDS composites, the evolution of the strength of these features
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Figure 7.2: The early-, intermediate- and late-type galaxy composite spectra from the GDDS
survey [Abraham et al., 2004] plotted in red, green and blue respectively.

Table 7.3: Classification criteria for galaxy spectral types.

Type

D4000

EW[OII]

CI

Early

>1.5

<10Å

>0.7

Late

<1.5

>10Å

<0.6

as function a of "proto"-type was investigated. The final scheme is laid out in Table 7.3
with intermediate-type galaxies defined as any galaxy that did not hold all the criteria
for either a early- or late-type galaxy or galaxy with a Balmer break larger than 1.9.
This scheme gave 95 early-types, 180 intermediate types and 144 late-types.
The early-, intermediate- and late-type composite spectra produced here are compared with their counterparts from the K20 and GDDS surveys in Figures 7.3, 7.4 and
7.5 respectively. In each figure the bottom black line is the composite spectrum pro-
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duced with the UDSz data and the middle and top grey lines are the composite spectra
from the K20 and GDDS surveys respectively. The composite spectra are oﬀset from
each other arbitrarily for presentation purposes. The early-type composite spectra produced here and the one from the GDDS survey have similar colours whereas the K20
early-type composite is bluer. This is expected as the K20 survey simply imposed a
K-band cut whereas the GDDS and UDSz surveys invoked a colour cut in target selection, producing on average redder target. The intermediate-type composite spectra
produced by the K20 and GDDS surveys are very similar whereas the one produced with
the UDSz data has a significantly stronger [OII] emission line. The late-type composite
spectra for all surveys show similar rest-frame continuum colours with the GDDS and
UDSz composite spectra having [OII] emission lines with much larger equivalent widths.
The composite spectra for the K20 are all of higher signal-to-noise. This is expected as
they targeted brighter, lower-redshift sources.

7.2

Spectrophotometric Fitting of Composite Spectra

The composite spectra and photometry were subjected to the same spectrophotometric fitting process as the individual galaxy spectra (see Section 4.1), over the same
parameter space (see Table 5.2). Only regions in the composite spectra made by the
combination of 10 or more spectra were selected for the fitting process to avoid spectral
regions being influences by the features in only a few objects in the sample. Only the
spectra from the middle three redshift bins from Table 4.1 are used as this is where
the bulk of the objects in the sample lie. The main aim of this process was to acquire
an accurate age estimate for the composite spectra. The age estimate used throughout
this section in the mass-weighted age defined by,
AM = (AO × (1 − fY )) + (AY × fY ),

(7.2)

where AM is the mass-weighted age, AO is the age of old stellar population, AY is
the age of young stellar population and fY is the mass fraction of the young stellar
population. Fits to some example spectra are shown in Figure 7.6. The plot show
the central redshift bin for the three MK composite ranges, with the absolute K-band
197

7.2. SPECTROPHOTOMETRIC FITTING OF COMPOSITE SPECTRA

Figure 7.3: Early-type composite spectra from the UDSz, K20 and GDDS surveys. The
bottom black line is the spectra produced with the UDSz data and the middle and top grey
lines are the composite spectra from the K20 and GDDS surveys respectively. The composite
spectra are oﬀset from each other arbitrarily for presentation purposes.

magnitude increasing down the row. The black line is the composite spectra, the red is
the composite photometry and the grey is the best-fitting model.

7.2.1

The Age of Galaxy Populations as a Function of Redshift

In this sub-section the ages of composite spectra are investigated as a function of redshift
and various physical characteristics of the input galaxies.
The Ages of composite spectra Based on Stellar-mass
The ages of the stellar-mass based composite spectra can be seen as a function of redshift
in Figure 7.7 with the blue, green and red lines corresponding to the < 7.5 × 109 M⊙ ,

7.5 × 109 − 5 × 1010 M⊙ and > 5 × 1010 M⊙ stellar-mass bins. The solid grey line depicts
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Figure 7.4: Intermediate-type composite spectra from the UDSz, K20 and GDDS surveys. The
bottom black line is the spectra produced with the UDSz data and the middle and top grey
lines are the composite spectra from the K20 and GDDS surveys respectively. The composite
spectra are oﬀset from each other arbitrarily for presentation purposes.

the age of the Universe as a function of redshift and the region above it is forbidden in
the fitting process. The dashed grey lines correspond to 25%, 50% and 75% of the age
of the Universe at a given redshift. In the plots throughout this section all the redshifts
plotted are the median redshift of the objects that lay within the bin.
Generally the most massive bin contains the oldest galaxies. In the middle redshift
range the intermediate mass bin has the same fractional age as the upper mass bin.
This is possible as the intermediate mass bin can be dominated by galaxies with masses
close to the upper limit. The lowest mass is consistently made up of younger galaxies
than the other two bins.
Investigating the age of the most massive galaxies (> 1011 M⊙ ) as a function of
redshift shows, as expected from the above, they make the oldest systems in the Universe
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Figure 7.5: Late-type composite spectra form the UDSz, K20 and GDDS surveys. The bottom
black line is the spectra produced with the UDSz data and the middle and top grey lines are
the composite spectra from the K20 and GDDS surveys respectively. The composite spectra
are oﬀset from each other arbitrarily for presentation purposes.

at any redshift (see Figure 7.8).
The Ages of composite spectra Based on Absolute K-band Magnitude
The ages of the composite spectra based on absolute K-band magnitude can be seen as
a function of redshift in Figure 7.9 with the blue, green and red lines corresponding to
the MK < −24.25, −24.25 ≤ MK < −23.25, MK ≥ −23.25 bins. The grey lines are as

in Figure 7.7. For the redshift range covered by the composite bins (z ∼ 1 − 1.5), the
objects that are bright in rest-frame K-band are the oldest with the faintest being the
youngest. This trend is expected given the results in Figure 7.7 and the fact that MK
should be a reasonable proxy for stellar-mass.
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Figure 7.6: Spectrophotometric fits to the central redshift bin for the three MK composite
ranges. Absolute K-band magnitude increasing down the rows. The black line is the composite
spectra, the red is the composite photometry and the grey is the best-fitting model.

The Ages of composite spectra Based on Specific Star-formation Rate
The ages of the SSFR based composite spectra can be seen as a function of redshift in
Figure 7.10 with the blue, green and red lines corresponding to the > 2.5 × 10−9 yr−1 ,
2.5 × 10−9 − 2.5 × 10−10 yr−1 and < 2.5 × 10−10 yr−1 SSFR bins. The galaxies with

a SSFR < 2.5 × 10−10 yr−1 are tracing the age of the Universe. This low SSFR bin
will contain the most passive galaxies at these redshifts. The highest SSFR bin always

recovers age less than 25% the age of the Universe whereas the middle bin covers a wide
range of ages.
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Figure 7.7: Mass-weighted age as a function of redshift for the composite spectra split by
stellar-mass with the blue, green and red lines corresponding to the < 7.5 × 109 M⊙ , 7.5 × 109 −
5 × 1010 M⊙ and > 5 × 1010 M⊙ stellar-mass bins. The solid grey line depicts the age of the
Universe and the region above it as forbidden in the fitting process. The dashed grey lines
correspond to 25%, 50% and 75% of the age of the Universe.

Ages of composite spectra Based on Galaxy Spectral Type
The ages of the composite spectra constructed by spectral type can be seen as a function
of redshift in Figure 7.11 with the blue, green and red lines corresponding to the early-,
intermediate- and late-type galaxy. The early-type galaxies are nearly tracing the age of
the Universe across the full redshift range. The late-type galaxies recover consistently
young ages. The intermediate galaxies are of intermediate age in the high redshift bin
and then sit along side early-type galaxies at z ∼ 1.2 − 1.4 before dropping below 50%
the age of the Universe at z < 1.1.
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Figure 7.8: Mass-weighted age as a function of redshift for the composite spectra comprising
of the most massive (> 1011 M⊙ ) systems. The grey lines are as in Figure 7.7.

7.2.2

Summary of Ages Estimates Based on the Composite Spectra

Whether you split by mass, MK or SSFR or spectral type the same clear result emerges
that the oldest galaxies are the most massive, passive ETGs, with an age close to that
of the Universe. Conversely the younger star-forming systems appear to be lower mass
late-type galaxies. This is consistent with the picture of downsizing that the most
massive systems finish their mass assembly at early times while the lower mass systems
continue to be actively star-forming through to low redshift. The intermediate bins for
each characteristic show odd behaviour but this may be due to the fact that this bin
can easily basis towards either extreme.
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Figure 7.9: Mass-weighted age as a function of redshift for the composite spectra split by
absolute K-band magnitude with the blue, green and red lines corresponding to the MK <
−24.25, −24.25 ≤ MK < −23.25, MK ≥ −23.25 bins. The grey lines are as in Figure 7.7.

7.3

The Evolution of Spectral Features

Here it is investigated how spectral features evolve as a function of age, stellar-mass,
MK , SSFR and spectral type. For the redshift range spanned by the FORS2 spectrograph the most common features to occur in the optical spectra, and which will be
investigated here, are the 4000Å break (D4000; Bruzual 1983), the equivalent width
of the [OII] emission line (EW[OII]), a UV spectral slope index and the Balmer break
[Kriek et al., 2006]. The definition of these features was described in Section 4.3 and the
parameter bins used to construct the composite spectra are listed in Table 7.1. Note
that the EW[OII] rather than the L[OII] has been used for consistency with the other
spectral features considered here all of which are measures of the spectral shape and
hence independent of distance and luminosity of the source.
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Figure 7.10: Mass-weighted age as a function of redshift for the composite spectra split by
SSFR with the blue, green and red lines corresponding to the > 2.5 × 10−9 yr−1 , 2.5 × 10−9 −
2.5 × 10−10 yr−1 and < 2.5 × 10−10 yr−1 SSFR bins. The grey lines are as in Figure 7.7.

7.3.1

Feature Evolution as a Function of Stellar-mass

Figure 7.12 plots the evolution of these features as a function of redshift in the left-hand
panels, and and as a function of age in the right-hand panels. From top to bottom the
row of panels show the evolution of D4000, the Balmer break, the UV colour index
and the equivalent width of the [OII] emission line respectively. The colour coding is
as in Figure 7.7 and the additional black points are for the most massive (> 1011 M⊙ )
galaxies.
It is clear from Figure 7.12 that the largest standard stellar-mass bin, and the extra
bin containing the most massive galaxies, have the largest D4000 break. Given that
D4000 is a strong age indicator, this results is consistent with the result shown in
Figure 7.7. Moreover, this result is re-enforced by the D4000 as a function of age plot
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Figure 7.11: Mass-weighted age as a function of redshift for the composite spectra split by
galaxy spectral type with the blue, green and red lines corresponding to early-, intermediateand late-type galaxies. The grey lines are as in Figure 7.7.

in the top right-hand panel in which the red and black symbols populating the top
right corner and the low mass (blue symbols) galaxies are located towards the lower left
corner.
The Balmer break is believed to be at its strongest in galaxies for which the stellar
population is dominated by intermediate aged stars. If mass can be considered as
a proxy for age this eﬀect is observed here with the middle mass bin containing the
galaxies with the strongest Balmer breaks. As the lower mass bin contains galaxies
with a range of ages, the Balmer break is stronger than the most massive bins.
The UV colour index plot is as expected, with the more massive, older, bins having
redder colours and the lower-mass bins having bluer colours. Moreover, there tends
to be a general increase in the redness of the colour index with lowering redshift and
increasing age. The [OII] emission line is at its strongest for the low mass bins and
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Figure 7.12: The evolution of spectral features as a function of redshift in the left-hand panels
and as a function of age in the right-hand panels. From top to bottom the rows are for D4000,
the Balmer break, the UV colour index and the equivalent width of the [OII] emission line.
The colour coding is as in Figure 7.7 and the additional black points are for the most massive
(> 1011 M⊙ ) galaxies
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decreases with increasing mass. All mass bins show a general decrease in the EW[OII]
with increasing age and lowering redshift, indicating star-formation in decreasing in all
mass bins with time.

7.3.2

Feature Evolution as a Function of Absolute K-band Magnitude

Figure 7.13 plots the evolution of spectral features as a function of redshift and age with
the same layout as in Figure 7.12 and the colour coding of Figure 7.9. The results are
nearly identical to those based on stellar-mass with the largest standard stellar-mass
bin analogous to the brightest bin in absolute K-band magnitude. The only major
diﬀerence appears to be in the evolution of the Balmer break which appears to be
similar for all the MK bins.

7.3.3

Feature Evolution as a Function of Specific Star-formation Rate

The evolution of spectral features with respect to SSFR as function of redshift and age
can be seen in Figure 7.14. The figure has the same layout as Figure 7.10.
The objects with the lowest SSFR have the largest D4000 breaks, smallest Balmer
breaks, highest colour index and smallest [OII] equivalent widths. This is the opposite
with the exception in the Balmer break which peaks (by definition) for the middle bin,
of the galaxies with the highest SSFR.
The results from the studies of the spectral feature evolution with respect to stellarmass, MK and SSFR are consistent with the idea of downsizing. The most massive
systems (bright absolute K-band magnitude) are already established and are passively
evolving systems at high redshift while the lower mass systems are still forming stars.

7.3.4

Feature Evolution as a Function of Galaxy Spectral Type

The evolution of spectral features as a function of galaxy spectral type can seen in
Figure 7.15. Again the layout is as in Figure 7.12 and the colour coding is as in Figure
7.11.
Since these composites were constructed on criteria based on these features the plot
is as expected. The early-type galaxies show strong D4000 breaks, a red rest-frame UV
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Figure 7.13: The evolution of spectral features as a function of redshift and age with respect
to absolute K-band magnitude. The layout is as in Figure 7.12 and the colour coding is as in
Figure 7.9.
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Figure 7.14: The evolution of spectral features as a function of redshift and age with respect
to SSFR. The layout is as in Figure 7.12 The colour coding is as in Figure 7.10.
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Figure 7.15: The evolution of spectral features as a function of redshift and age with respect
to galaxy spectral type. The layout is as in Figure 7.12 The colour coding is as in Figure 7.11.
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spectrum and low [OII] equivalent width. While the opposite is true for the late-type
and high balmer break galaxies are dominated by intermediate-types.
Comparing these plots to those with respect to stellar-mass, MK and SSFR earlytype galaxies tend to be massive, bright in rest-frame K-band and in general passively
evolving. Late-type galaxies appear to be still be undergoing significant star-formation
and mass assembly.

7.4

Passive vs. Star-forming Galaxies

Based on the definition described in Section 5.8 the entire spectroscopic galaxy sample
was split into passive and star-forming galaxies. The composite spectra for the starforming and passive sub-samples averaged over the entire redshift space can be seen
in the top and bottom panels of Figure 7.16 respectively. It can be noticed that the
passive composite spectrum contains [OII] 3727 in emission which indicates that if
galaxies contain enough mass they can still be classified as passive even with on-going
star-formation. The presence of a small equivalent width MgII feature could indicate
the presence of AGN.

7.4.1

The Ages of Composite Spectra based on Specific Star-formation
Rate

The ages of the the passive and star-forming composite spectra as a function of redshift
can be seen in Figure 7.17, with the blue and red lines representing the star-forming
and passive composite spectra respectively. As expected, the passive systems are older
than the star-forming at all redshifts. The star-forming systems have ages � 25% the
age of the Universe at all redshifts whereas the quiescent systems have ages > 75% the
age of the Universe for all redshifts.

7.4.2

Feature Evolution as a Function of Passivity

The evolution of spectral features for the passive (red lines) and star-forming (blue lines)
composite spectra can be seen in Figure 7.18. The passive composite spectra are old
systems with large D4000 breaks, red UV spectra and weak [OII] emission whereas the
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Figure 7.16: The composite spectra for the star-forming (top panel) and passive (bottom
panel) composite spectra averaged over the entire redshift space.

star-forming composite spectra have strong [OII] emission, a weak D4000 break and a
bluer rest-frame UV slope. The Balmer break is substantially stronger in star-forming
galaxies than passive galaxies at every redshift. This is explained by the median age of
the star-forming galaxies being ∼ 1 Gyr compared to ∼ 4.75 Gyrs fior the much older
passive systems.

7.4.3

High-redshift Passive Galaxies

The passive stack from the high redshift bin covers a similar redshift range to that of
the GMASS passive galaxy stack from Cimatti et al. [2008]. The GMASS passive stack
was made of 13 passive objects in the redshift range 1.39 < z < 1.99 with an average
redshift of z = 1.6. The high-redshift passive composite from the UDSz contains 19
galaxies in the redshift range 1.477 < z < 1.830 with an average redshift of 1.59 ± 0.1.
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Figure 7.17: The ages of the the passive and star-forming composite spectra as a function of
redshift with the blue and red lines representing the star-forming and passive composite spectra
respectively The grey lines are as in Figure 7.7.

The rest-frame UV spectra of the GMASS spectrum along with the composite created here can be seen in Figure 7.19. The upper spectrum (black) is the high-redshift
passive stack from the sample studies here and the lower spectrum (grey) is the GMASS
passive stack (the spectra are oﬀset for presentation purposes). Having 50% more objects has given the UDSz high-z passive composite higher signal-to-noise particularly at
the red end of the UV spectrum with the H10 Balmer line and CN absorption visible
as the red end. The two spectra have very similar feature measurements. For a full
comparison of the spectral feature measurements for these two interesting composite
spectra see Table 7.4. The MgU V [Daddi et al., 2005b] is designed to measure the
extent of absorption due to Mg and Fe in the region ∼ 2600 − 2900Åand is defined as,
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Figure 7.18: The evolution of spectral features for the passive (red lines) and star-forming
(blue lines) composite spectra. The layout is as in Figure 7.12.
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Figure 7.19: The lower spectrum (black) is the high-redshift passive stack from the sample
studies here and the upper spectrum (grey) is the GMASS passive stack from Cimatti et al.
[2008]. The spectra are oﬀset for presentation purposes.

MgU V = � 2525
2625

2

� 2625
2725

fλ dλ +

fλ dλ
� 2625
2725

fλ dλ

,

(7.3)

and the B(2640) and B(2900) [Spinrad et al., 1997] are breaks in the rest-frame
continuum in the same region as the M gU V feature. These breaks are defined as,

B(2640) =

Fλ (2645 − 2675)
Fλ (2915 − 2945)
B(2900) =
Fλ (2600 − 2630)
Fλ (2855 − 2885)

(7.4)

Through fitting stellar population models to the spectra alone the GMASS team
recovered an age of ∼ 1 Gyrs with an average reddening of Av = 0.3. The UDSz high

redshift passive stack was fitted to the TCM models with and without the inclusion of
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Table 7.4: Comparison of the Spectral Features in the high redshift passive composite spectra
from the GMASS and UDSz surveys.

Feature

UDSz

GMASS

MgU V

1.28 ± 0.04

1.40

0.60 ± 0.02

0.81

1.62 ± 0.17

1.53

Balmer Break
UV Colour Index
EW[OII]
B(2640)
B(2900)

1.62 ± 0.05

-

2.15 ± 1.75

2.61

1.35 ± 0.09

1.27

the composite photometry. The fit to the composite spectra alone recovered a massweighted age of 0.55 Gyrs reddening by an Av = 0.8. These results are similar but
the UDSz stack chose a slightly younger and more heavily reddened model. The UDSz
composite was also fitted with the models with the inclusion of the composite photometry. This recovers a mass-weighted age of 1 Gyr with a reddening Av = 0.1. These
fits can be seen on Figure 7.20. The top panel shows the fits to just the composite
spectra (orange) and composite plus composite photometry (grey). The black lines are
the composite spectra and red points are the composite photometry. The middle panel
shows the model fit through the spectra for the model fit to the composite spectra plus
composite photometry and the lower panel shows the model fit just to the composite
spectra.
It can be seen that the fit to the spectra alone misses all the composite photometry indicating that photometry shortward and longward of the optical spectra is very
important when making age estimates of stellar populations

7.5

Summary and Conclusions

Composite spectra have been produced as a function of redshift as well as a stellar-mass,
absolute K-band magnitude, SSFR and spectral type. Investigating the composite as a
function of age has produced an incredibly clean results that massive, bright in K-band,
passively evolving ETGs are always the oldest population and nearly always trace the
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Figure 7.20: Model fits to the high-redshift passive composite spectra. The top panel shows
the fits to just the composite spectra (orange) and composite plus composite photometry (grey).
The black lines are the composite spectra and red points are the composite photometry. The
middle panel shows the model fit through the spectra for the model fit to the composite spectra
plus composite photometry and the lower panel shows the model fit just to the composite
spectra.
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age of the Universe. The late-type, low-mass, star-forming galaxies are always found to
be much younger system. This is strong evidence for downsizing.
The evolution of spectral features was investigated as a function of age and redshift.
These were as expected with the massive, passive ETGs containing strong 4000Å breaks,
a red UV continuum and weak [OII] and the opposite was observed for late-type lowmass star-forming galaxies.
Fitting the high-redshift passive composite to models with just the composite spectra
and the composite spectra plus the composite photometry has highlighted the importance of photometry short and longward of the optical spectra when acquiring accurate
age estimates.
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Chapter 8

Summary and Conclusions
The work in this thesis in based on the data from part of a ESO Large Programme
(UDSz) to perform spectroscopic follow up of K-band selected galaxies in the UDS
field. The primary motivation for the project was to study stellar-mass assembly as a
function of lookback time and investigate the relation between environment and galaxy
properties at z > 1. Target selection was made from a K-band limited (K < 23) and
photometric redshift constrained (zphoto > 1) sample. The targets were split between
VIMOS and FORS2, with the FORS2 sample observing the redder (V>24.5) objects
due to its increased red sensitivity. The work throughout this thesis was solely based
on the FORS2 sample.
Due to the faintness of the objects targeted by FORS2 the reduction achieved with
the VLT’s own pipeline was far below an acceptable standard for scientific analysis to
be performed on the spectra. The optimisation of the pipeline for the reduction of
the sources in the FORS2 sample of the UDSz project was a large part of the work
done throughout this thesis. A thorough explanation of the issues encountered and the
resolutions are presented in Chapter 3.
Here the initial goals laid out in the introduction will be addressed along with
highlighting the important results discovered throughout the analysis of the FORS2
spectra.
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8.1

The Size-Mass Relation at High Redshift

Using the deep spectra obtained from the VLT and the multi-wavelength data available
within the UDS of a sample of K-band bright (K < 21.5) and high redshift (1.3 �<
z <� 1.5) galaxies, spectrophotometric fits were performed with stellar synthesis models
from CB07, which include the aﬀects of TP-AGB stars, with a wide range of starformation histories. The fits provided accurate stellar-mass estimates which, along with
radii estimated from the deep K-band data available in the UDS, allowed a detailed
investigation of the size-mass relation at 1.3 < z < 1.5. Comparing the results to local
size-mass relation found a diﬀerential trend with stellar-mass (Figure 5.9). The lower
mass systems sit on the local relation whereas the systems with large mass tend to sit
below the relation that is seen locally.
This result is reasonably robust since the mass estimate have been made using a
Chabrier IMF and the use of a Salpeter IMF would increase the stellar masses by a
factor of ∼ 2. The models here account for the possible eﬀects of TP-AGB stars which

when removed would also increase the stellar-mass. Since the radii have been estimated
from low resolution ground based imaging if anything they could be overestimates. All
these potential sources of errors do therefore not change the results that it appears
high-redshift massive systems sit below the local size-mass relation.
Following the work of Saracco et al. [2009] the sample was split into young and old
galaxies in relation to whether they were older or younger than 50% of the age of the
Universe. The young systems span the local size-mass relation as opposed to the older
systems which sit, on average, a factor ∼ 1.5 below the relation (Figure 5.11). A very

similar result was found when the sample was split by passivity, with the more passive
objects sitting below the relation, and spectral type, with ETGs also consistently sitting
below the relation (Figure 5.12).
Velocity dispersions were estimated for the largest single sample of ETGs at z > 1.3.
The method used to calculate the velocity dispersion used the controversial Ca H & K
features but through thorough tests using a large sample of SDSS spectra it was shown
that the method could reproduce the estimates made by the SDSS team. The velocity
dispersions estimated here were used to calculate the dynamical masses as these are
model independent mass estimates and therefore a solid test for the high-redshift size221
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mass relation. Comparing the resulting dynamical masses to ones acquired from velocity
dispersions estimates from the SDSS it is shown (Figure 5.15) that all 13 objects sit
towards or below the lower edge of the local size-dynamical mass relation indicating
that these objects really are compact.
The results from the dynamical masses along with the potential errors in the stellarmass size relation discussed above indicate that at high redshift, massive, passive galaxies do sit below the local size-mass relation. This is in agreement with many other
authors [e.g. Trujillo et al. 2006a, Trujillo et al. 2006b, Trujillo et al. 2007, Longhetti
et al. 2007, McGrath et al. 2008, Buitrago et al. 2008] and leads to two potential scenarios.
One option is that size evolution of the massive systems at high-redshift is required
to join the local size-mass relation. There are several theories to explain this evolution which include the redistribution of stellar-mass due to mass ejection from quasar
feedback [Fan et al., 2008], the dry merger hypothesis where dense cores are created
at high-redshift through a gas rich merger and then dry mergers between then and the
present increase the eﬀective radii [Khochfar and Silk, 2006] and also size-evolution has
been considered as a result of the accretion of mass via minor mergers [Naab et al.,
2009].
Another option is that compact galaxies are present in the local Universe and that
normal sized galaxies are present at high-redshift but, due to selection eﬀects, both
populations have been missed. Recently Taylor et al. [2010] went is search of compact
galaxies in the local Universe. It was shown, especially at low redshift z ≤ 0.05, that
SDSS selection eﬀects would miss bright and compact objects to avoid saturation and

cross-talk in the spectrograph. Taylor et al. [2010] found 63 galaxies to sit a factor
of 2 or more below the local relation from Shen et al. [2003] and have higher than
average velocity dispersions. Moreover, Mancini et al. [2010] found that 9 of the Kband brightest and most massive objects from the COSMOS field at z ≥ 1.4 sat on the

local size-mass relation. This idea proposes that no size evolution is required between
high-redshift and the present day and that complete samples at low- and high-redshift
have not yet been acquired.
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8.2

The Passive Fraction of the High-Redshift K Bright
Universe

Using the same sample for which the size-mass relation was studied (K < 21.5 and
1.3 � z <� 1.5) specific star-formation rates were measured using the rest-frame UV,
the [OII] emission line and 24µm data. With these SSFRs the passive fraction for the
K-band bright Universe was estimated at 58 ± 10%. This is consistent with several

other studies in the literature such as Cimatti et al. [2002a] and Miyazaki et al. [2003].
Most of the studies in the literature have been of a purely ERO sample as opposed to
simply a cut in K-band magnitude. The consistency of the result here is unsurprising
as ∼ 75% of the sample are EROs. When cutting the sample at K < 20.65 to get a
pure ERO sample the passive galaxy fraction is very high (75 ± 19%) even though it

is a pure ERO sample the K-band cut is brighter than in the literature. Therefore it
only contains the brightest and most massive galaxies and it is therefore showing more
evidence of downsizing, with the more massive sub-sample containing a higher passive
fraction.
Passive fractions were estimated for a fainter ERO sample (K < 21.5, R−K < 3.38)
and high mass sample (M� > 7 × 1010 M⊙ ). The passive fraction for these sample were
estimated at 78 ± 33% and 80 ± 19% respectively. The large errors put the ERO passive

fraction in agreement with other studies. Compared to Fontana et al. [2009] the passive
fraction of the high-mass sample is large but the K < 21.5 sample is only mass complete
down to ∼ 1 × 1011 which could be a source for the diﬀerence and cosmic variance could
also play a role in the diﬀerence of these results.

8.3

Optimisation of Photometric Galaxy Population Selection Techniques

The BzK [Daddi et al., 2004a], (J − K) v (i − K) [Pozzetti and Mannucci, 2000] and
(V −J) vs (U −V )Rest-frame [Williams et al., 2009] diagrams for selecting passive galaxies

at high redshift were analysed with the UDSz FORS2 spectroscopic sample, all of which
had known passivity. All of these techniques were found to be far from optimal. Using
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the UDSz FORS2 sample the population dividers within these diagram were optimised
for K < 21, 22 and 23 samples. The formulae for these can be found in Equations 6.1,
6.2 and 6.3 for the BzK diagram, Equations 6.4, 6.5 and 6.6 for the (J − K) vs (i − K)
diagram and Equations 6.7, 6.8 and 6.9 for the (V − J) vs (U − V )Rest-frame diagram.

Using the devised optimal selection techniques, passive galaxy fractions in the high-

redshift Universe have been estimated for K-band selected and ERO selected samples.
From the BzK diagram the passive fraction of K-band selected targets was estimated at
54%, 35% and 18% for K < 21, 22 and 23 samples. The passive fraction for the K < 21
sample is consistent with our results from Section 5.8 for the K < 21.5, 1.3 < z < 1.5
Universe. Even though there was also criteria on V , i and z for the spectroscopic sample,
this is expected since K < 21.5 galaxies are bright and therefore will tend to be old red
objects so would not be eﬀected by this additional criterion.
The passive fractions of K-band selected objects estimated from the (V −J) vs (U −

V )Rest-frame diagram are consistent with that found with the BzK at 27% and 15% for
the K < 22 and 23 samples. For the K < 21 sample the passive fraction is approximately a factor of 1.5 below that found with the BzK at 38%. However this value is
within the range of values found by Cimatti et al. [2002a] and Smail et al. [2002] and is
consistent with the theoretical prediction from Fontanot and Monaco [2010].
The ratio of passive to star-forming EROs was found with the optimised (J −

K) vs (i − K) diagram to be 64%, 57% and 53% for the K < 21, 22 and 23 samples respectively. The passive fraction found with the optimised BzK technique for the

K < 21.0 is in good agreement with the estimations found here for bright EROs. This
is expected as ∼ 70% of the K < 21 galaxies are EROs (see Figure 6.14). The results

for the K < 22 and 23 samples are consistent with all the observational results mention
in Section 5.8.1.

8.4

Galaxy Population Division with New Telescopes

Visible and Infrared Survey Telescope for Astronomy (VISTA) is the next generation of
NIR wide-field survey telescope. Therefore it would be beneficial to see how the above
selection techniques worked with the filters from the VISTA telescope. The best-fitting
spectral energy distribution models found using the method described in Chapter 4 for
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the spectroscopic targets were used, along with the filters from the VISTA telescope, to
calculate expected magnitudes.
A new generation of NIR survey to use the VISTA telescope which is currently
ongoing is the VISTA Deep Extragalactic Observations (VIDEO) survey. This survey
so far has NIR data from VISTA and optical data from the CFHT. BzK and (J −
K) vs (i − K) diagrams have been developed for the filters used in this survey.

A gzKs and gZKs diagram have been developed based on the g- and z-bands from

CFHT and the Z- and Ks -bands from VISTA and a (J − Ks ) vs (i − Ks ) diagram has
also been developed with the i-band from CFHT and J- and Ks -bands from the VISTA
telescope.
As a test for the passive fraction of a purely K-band selected sample the passive
fraction have been estimated for the VIDEO D1 catalog. This gives an independent
test for the fractions determined with the standard BzK, (J − K) v (i − K) and

(V − J) vs (U − V )Rest-frame diagrams in the UDS. The passive fractions found with the

gzKs diagram and VIDEO D1 catalog are 71%, 31% and 20% for the Ks < 21, 22 and
23 samples respectively. Which, within the errors, are in agreement with the results
from the optimised BzK diagram.

8.5

Investigating Galaxy Population with Composite Spectra

Composite spectra have been produced as a function of redshift as well as stellar-mass,
absolute K-band magnitude, SSFR and spectral type. Investigating these composite
spectra as a function of age has produced an incredibly clean result that massive, bright
in K-band, passively evolving ETGs are always the oldest population and nearly always
trace the age of the Universe. The late-type, low-mass, star-forming galaxies are always
found to be much younger systems. This is strong evidence for downsizing, with the
most massive systems finishing their mass assembly before their lower mass counterparts
The evolution of spectral features was investigated as a function of age and redshift.
These were as expected with the massive, passive ETGs containing strong 4000Å breaks,
a red UV continuum and weak [OII] and the opposite being true for late-type low-mass
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star-forming galaxies.
The results throughout this thesis reiterate the conclusion that massive ETGs finish their buildup of stellar-mass before their lower mass counterparts i.e. the idea of
downsizing. Evidence for this is shown through the study of massive galaxies in the
redshift range 1.3 < z < 1.5 (Chapter 5) where the most massive (> 1011 M⊙ ) systems are the oldest and passively evolving systems which are tracing the age of the
Universe at all redshifts. It is found that approximately half of these massive systems
have already entered a stage of passive evolution by z ∼ 1.5, only ∼ 4 Gyrs after the
Big Bang. The study of high redshift galaxy populations in Chapter 6 also provides

evidence for this concept with the passive fraction of galaxies increasing with K-band
brightness, which can be seen as a proxy for stellar-mass. Mass-assembly downsizing if
seen throughout study of high-redshift composite spectra (Chapter 7) with the massive
(bright in absolute K-band magnitude) systems having the lowest SSFRs and being the
oldest populations at all redshifts. Due to the idea of downsizing being found in all the
studies done here and consistent cleanliness of the result found through the study of
the composites all contribute towards the robustness of the result.
With the understanding of the galaxy size-mass evolution from high redshift to the
present day being a current hot topic in observational and theoretical astronomy solid
evidence is provided here to help with this current field of interest. Due to the potential
errors in the stellar mass estimates a method was developed to determine the stellar
velocity dispersion of a galaxy from its Ca H & K absorption features to then be used
in conjunction with the radius to provide a model independent estimate of the mass
within a galaxy. Providing the largest single sample of velocity dispersions of highredshift targets we confirm that massive ETGs at high redshift are more compact than
their local mass counterparts. But, as described above, until more complete samples
of the low- and high-redshift Universe are available the need for size evolution in these
systems still remains uncertain. The latest semi-analytical studies are now finding
agreement with the results indicating that of size evolution from high redshift to the
present Universe is required. Using a simple merger model that includes gas dissipation
and star formation Covington et al. [2011] finds a steeping of the size-mass relation
as a function of redshift with the low mass systems sitting on the local relation at all
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redshifts but the more massive being sat below the relation at high redshift and moving
on to it with decreasing redshift.
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Appendix A

Reduction Input Files

Figure A.1: The atmosphere extinction file used in the extraction of 1D spectra.
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Table A.1: Example of standard star calibration table used by the standard package in IRAF.

Wavelength

Magnitude(AB)

Band Width

5556.0

11.48

80.0

5700.0

11.44

80.0

5840.0

11.41

80.0

5950.0

11.41

80.0

6056.0

11.38

80.0

6180.0

11.35

80.0

6310.0

11.34

80.0

6436.0

11.3

80.0

6640.0

11.26

80.0

6790.0

11.26

80.0

7100.0

11.23

80.0

7250.0

11.23

80.0

7400.0

11.22

80.0

7550.0

11.2

80.0

7780.0

11.16

80.0

7890.0

11.16

80.0

7990.0

11.15

80.0

8090.0

11.13

80.0

8370.0

11.13

80.0

8708.0

11.08

80.0

9832.0

11.05

80.0

10256.0

11.08

80.0

10400.0

11.13

80.0
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Table A.2: Example of output file from the standard package in IRAF.

[std.fits] 1 1717 1.00 1.029 5501.600 10992.800
5556.0

9.1442e-14

80.0

35.412

5700.0

9.014e-14

80.0

34.945

5840.0

8.8276e-14

80.0

1039.2

5950.0

8.5042e-14

80.0

42878.0

6056.0

8.4391e-14

80.0

114556.0

6180.0

8.3309e-14

80.0

154156.0

6310.0

8.0651e-14

80.0

172370.0

6436.0

8.0433e-14

80.0

187546.0

6640.0

7.8403e-14

80.0

205753.0

6790.0

7.4977e-14

80.0

217585.0

7100.0

7.0494e-14

80.0

231778.0

7400.0

6.5495e-14

80.0

232953.0

7550.0

6.4088e-14

80.0

230261.0

7780.0

6.2619e-14

80.0

224985.0

7890.0

6.0886e-14

80.0

218779.0

7990.0

5.992e-14

80.0

211547.0

8370.0

5.5618e-14

80.0

190261.0

8708.0

5.3806e-14

80.0

169602.0

9832.0

4.339e-14

80.0

51525.0

10256.0

3.8789e-14

80.0

11575.0

10400.0

3.6025e-14

80.0

4468.6
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