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Zusammenfassung (Summary)

Galaxien, gravitativ gebundene Systeme bestehend aus Sternen, Gas, Staub und
Dunkler Materie, haben sich aus kleinen Dichtefluktuationen im frühen Universum
gebildet. Diese kollabieren aufgrund ihrer Eigengravitation, im Gas bilden sich Sterne,
die wiederum im Laufe ihres Daseins das umgebende Medium mit schweren Ele-
menten anreichern. Galaxien sind also laufend Veränderungen unterworfen. Diese
Entwicklung der Galaxien im Universum zu verstehen gehört zu den wichtigen Zielen
der modernen Astrophysik.

Die Entwicklung läßt sich verfolgen, indem man Galaxien bei verschiedenen Ent-
fernungen untersucht. Dank der endlichen Ausbreitungsgeschwindigkeit des Lichtes
kann man so Galaxien zu verschiedenen kosmischen Zeiten beobachten. Dazu muß
die Entfernung, bestimmt über die kosmologische Rotverschiebung z, für sehr viele
Galaxien gemessen werden. Dies kann beispielsweise durch die spektroskopische Ver-
messung von Spektrallinien geschehen.

In dieser Arbeit präsentiere ich eine von mir konzipierte, durchgeführte und aus-
gewertete spektroskopische Durchmusterung von Galaxien, die aus einem Katalog von
Nahinfrarotgalaxien ausgewählt wurden. Diese spektroskopische Untersuchung wird
ergänzt durch eine umfangreichere im sichtbaren Licht ausgewählte Durchmusterung,
für die die Rotverschiebung aus der Helligkeit bei verschiedenen Wellenlängen zwis-
chen 4500Å und 22000Å ermittelt wurde. Neben der Diskussion der Beobachtungen
und Datenanalyse steht vor allem die Untersuchung von Galaxien bei verschiedenen
Rotverschiebungen bis z = 1 im Vordergrund. Dies entspricht etwa einer Zeit, zu der
das Universum nicht einmal halb so alt war wie heute.

Dabei konnte gezeigt werden, daß sich die Leuchtkraftfunktion, das heißt die dif-
ferentielle Verteilung der Galaxienleuchtkräfte, in den letzten 8 Mrd. Jahren deutlich
entwickelt hat: Mit wachsender Rotverschiebung ist eine Zunahme der Helligkeit bei
gleichzeitiger Abnahme der Anzahldichte feststellbar. Dieser Effekt ist bei kürzeren
Wellenlängen ausgeprägter als bei längeren.

Weiterhin wurde die Sternentstehungsrate der Galaxien gemessen, die im gleichen
Zeitraum mit der Rotverschiebung ansteigt. Dieser Anstieg wurde mit einem analytis-
chen Modell verglichen, das aus numerischen Simulationen der Galaxienentwicklung
abgeleitet wurde. Es zeigt sich, daß dieser Anstieg flacher verläuft als bisher gemessen,
aber gut mit der Vorhersage des angesprochenen Modells übereinstimmt.

Schließlich wurde der Zusammenhang zwischen Sternentstehungsrate und stel-
larer Masse untersucht. Es zeigt sich, daß sich das Anwachsen der Sternentste-
hungsrate mit zunehmender Rotverschiebung über alle stellaren Massen verteilt, im
Gegensatz zu früheren Untersuchungen, die vor allem die massereichen Systeme für
diesen Anstieg verantwortlich machten. Außerdem zeigt sich, daß die massereichsten
Galaxien bei allen Rotverschiebungen die ältesten Sterne enthalten.
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Chapter 1

Introduction: Studying Galaxy
Evolution with Redshift Surveys

In this thesis results for the evolution of galaxies derived from a near-infrared selected
galaxy redshift survey are presented. This chapter will provide an introduction to
cosmology and galaxy formation (Section 1.1; see, e.g., Peebles 1980, Carroll et al.
1992, Peebles 1993, Peacock 1999, Coles & Lucchin 1995, Longair 1998), followed
by a brief outline of results concerning the selection of galaxies at different cosmic
epochs and their characteristics (Section 1.2), and a summary of statistical properties
of galaxy populations used to trace their evolution (Section 1.3). Readers who are
only interested in a summary of techniques and results in the field of galaxy evolution
are kindly asked to skip Section 1.1 However, I do believe it to be important to place
research results in a broader context.

1.1 Setting the Stage: The Formation of Galaxies within the
Framework of Cosmology

1.1.1 The Cosmological Standard Model

The evolution of the universe on large scales is governed by gravity which, on the other
hand, is described by the field equations of Einstein’s General Theory of Relativity
(Einstein 1916, Weinberg 1972)

Ri j −
1
2

Gi j R − ΛGi j =
8π G

c4 Ti j. (1.1)

Here Ri j and R are the Ricci tensor and scalar, respectively (describing space
curvature), Gi j is the metric tensor (connected to space-time distances), G is the gravi-
tational constant, c the speed of light, Ti j is the energy-momentum tensor (describing
the energy and mass density), and Λ is the cosmological constant (Weinberg 1972). In
brief, the field equations characterise the interaction between mass (or energy) and the
curvature of space: Mass curves space-time, and a curved space-time in turn affects
the motion of particles in a way which was classically described as gravitational force.
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The cosmological principle states that the universe is homogeneous and isotropic
on large scales. This assumption was not invented to make physicists’ lives easier,
of course, but can to some extent be verified for large cosmic scales. In this case the
metric of the universe fortunately takes a simple form known as the Robertson-Walker
metric (Robertson 1935, 1936a, b, Walker 1935):

ds2 = c2 dt2 − R2(t)

[
dr2

1− kr2 + r2 (dθ 2 + sin2 θ dφ 2 )
]

(1.2)

Here (r,θ ,φ , t) are the space-time coordinates, R(t) is an unknown function de-
scribing the dynamic evolution of the universe, and k can – by choice of units for
r – be fixed to +1, 0 or −1 for positively curved, flat and negatively curved space,
respectively (Weinberg 1972).

Using this form of space-time metric, relatively simple formulae can be derived for
the dynamic behaviour of the universe (Friedmann 1922). These Friedmann equations
read

Ṙ2 =
8πG

3
ρ R2 +

1
3

c2 ΛR2 − k c2

(1.3)

R̈ = −4πG
3

R
(

ρ + 3
p
c2

)

+
1
3

c2 ΛR

In these equations, ρ denotes the total energy density of the universe, p is the
pressure, Λ is the cosmological constant, and k is the curvature of space, i.e. k = +1
for a closed, k = −1 for an open, and k = 0 for a flat universe (Weinberg 1972). This
geometrical curvature of space is governed by the density of the universe. Together
with a knowledge of the equation of state p(ρ) the Friedmann equations can be solved
for R(t). Furthermore we define the critical density ρc as

ρc ≡ 3H2

8πG
(1.4)

where the famous Hubble parameter H , the current value of which, usually just
called the Hubble constant

H0 ≡ H(t0) ≡ h100km s−1 Mpc−1, (1.5)

impertinently tried to escape from precise determination for decades, is given by
the rate of expansion of the universe,

H =
Ṙ
R

. (1.6)

The we can re-write the first of the two Friedmann equations in the following form:

kc2

H2R2 = Ωm + Ωr + ΩΛ − 1 (1.7)
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Table 1.1: Cosmological parameters from WMAP and combination of WMAP with
other data (Spergel et al. 2003), except for Ωr,0.

Quantity Value Comment

Ωr,0 ∼ 10−4 radiation, relativistic particles (Peacock 1999)
Ωb,0 0.047±0.006 baryonic matter
Ωm,0 0.29±0.07 baryonic and dark matter
ΩΛ,0 0.73±0.07 dark energy, computed from Ωtot,0 −Ωm,0
Ωtot,0 1.02±0.02 total density budget

h 0.72±0.05 Hubble constant

where we have defined the density parameters Ω for the matter component (Ωr),
for the radiation and relativistic particles (Ωr) and for the cosmological constant Λ
(ΩΛ), respectively, by setting

Ω ≡ ρ
ρc

. (1.8)

Quite obviously, the curvature of the universe (as represented by the constant k) is
directly connected to the density parameter(s) of the universe: If they add up to one,
then space is flat (k = 0). It also shows that the knowledge of the density parameters
of the universe’s constituents and the knowledge of the Hubble constant suffice to
describe the evolution of the scale factor.

Note that the density parameters are time-dependent quantities and scale differ-
ently with redshift: ΩΛ(z) = ΩΛ,0, Ωm(z) = Ωm,0(1 + z)3 and Ωr(z) = Ωr,0(1 + z)4.
According to measurements of the cosmic microwave background (combined with
other cosmological experiments), the contributions of the main constituents of the uni-
verse can be found in Table 1.1.

One family of world models described by the Friedmann equations are models
for an expanding universe. After Hubble’s discovery of the redshift-distance relation
(Hubble 1929), which was soon interpreted as evidence for a cosmological expansion,
the Big Bang model for the history of the universe emerged. In this scenario, the
universe expands from a hot initial state. The precise history of this expansion is
governed by the energy content of the cosmos.

1.1.2 The Cosmological Redshift

In the first half of the 20th century, it was discovered that the spectral lines of galaxies
are, in general, shifted towards longer wavelength.1 To quantify this shift, we define
the redshift z of a galaxy as

1Local gravitational attraction results in peculiar velocities superimposed on the general flow. Hence
some very near-by galaxies like the Andromeda galaxy show blue-shifted spectra.
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z ≡ λobs −λemit

λemit
, (1.9)

where λobs is the observed wavelength of a spectral line, while λemit is the wave-
length as emitted by the galaxy.

This redshift of galaxies is interpreted as a result of the universe’s expansion. As
swhon above, Assuming that the universe is homogeneous and isotropic, the expansion
is described by the variation of the scale factor R(t), and it can be easily shown that

1 + z =
R(tobs)

R(temit)
, (1.10)

where the evolution of the scale factor R(t) is governed by the Friedmann equa-
tions (1.3).

1.1.3 The Early Phases in the Life of the Universe

The Planck Epoch

We will briefly summarise the early stages in the universe’s life. The cosmos starts
out in an era where it was governed by the weird (and unknown) laws of quantum
gravity. This period, known as the Planck epoch, is characterised by the Planck time
tP ' 10−43 s.2 Classical gravity is invalid during this epoch, and since we lack a theory
of quantum gravity any physical phenomena at these times belong to the realm of
speculation.

Inflation

Cosmic inflation, a phase of exponential expansion of the universe at t ∼ 10−35 s (Guth
1981, see Narlikar & Padmanabhan 1991 for a review), has been proposed to solve

2The Planck time tP (as well as the Planck length `P and the Planck mass mP) is given by a ‘natural’
combination of the fundamental constants G (the gravitational constant), c (the speed of light in vacuum)
and h (Planck’s constant):

tP =

(
Gh

c5

)1/2

' 10−43 s

`P =

(
Gh
c3

)1/2

' 10−35 m (1.11)

mP =

(
hc
G

)1/2

' 10−7 kg

(1.12)

Planck introduced these quantities as part of a truly universal system of units which Planck adver-
tised as “Einheiten [. . . ], welche [. . . ] ihre Bedeutung für alle Zeiten und für alle, auch ausserirdis-
che und aussermenschliche Culturen nothwendig behalten und welche daher als «natürliche Maassein-
heiten» bezeichnet werden können.” (Planck 1899) The Planck mass can also be derived equalling the
Schwarzschild radius rS = 2Gm/c2 and the Compton wavelength λC = h/(mc), thus illustrating its mean-
ing as the transition to quantum gravity.
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several intriguing difficulties of the standard model, but may also serve as a source
of the initial fluctuations needed for forming structures in an otherwise rather boring
homogeneous universe (see Section 1.1.4).

One of the problems of the standard model is the ‘flatness problem’, or the ques-
tion: Why is the curvature of the cosmos so close to zero? Inflation solves this natu-
rally: A small region of space, exponentially expanded to very many times its orgininal
size, will finally have a flat geometry – (almost) irrespective of its initial curvature.

In much the same way inflation also solves the ‘horizon problem’: Why does the
cosmos look so similar everywhere, although its individual parts cannot all have been
causally connected given the finite speed of light? Again, a phase of exponential ex-
pansion, where the universe observed today originates from a small, causally con-
nected region of space could solve this problem.

The Thermal History of the Universe

The early history of our cosmos is largely governed by its temperature. To under-
stand this thermal history it is essential to know the way temperature evolves with
cosmic time. A hot initial state with steadily decreasing temperature is one of the key
ingredients of the hot big bang model which so successfully explains things like cos-
mic nucleosynthesis and the cosmic microwave background radiation discussed below.
The temperature of the radiation filling the universe is related to the expansion. As-
suming that we measure a temperature T0 for the background radiation field today, the
temperature Tr of the radiative component scales with the redshift z in the following
way:

Tr = T0 (1 + z) (1.13)

This can be derived from the energy density εr of black body radiation which is
εr ∝ T 4. On the other hand, this energy density is proportional to the number density n
of photons times their energy hν . From the fact that n ∝ (1+ z)3 and ν ∝ (1+ z) (the
cosmic redshift), equation (1.13) follows immediately.

Big Bang Nucleosynthesis

During the first few minutes after the Big Bang, the light elements deuterium (D or 2
1H),

helium (3
2He and 4

2He) and lithium (7
3Li) were formed in a process named primordial

nucleosynthesis (Boesgaard & Steigman 1985, Tytler et al. 2000). Heavier elements
cannot be produced because of the lack of stable elements with atomic masses of 5 and
8, and because of the increasing importance of the Coulomb barrier, particularly in a
cooling universe. Within the standard model, primordial nucleosynthesis is one of the
key tests of the hot big bang scenario because it makes relatively precise predictions for
the relative abundances of those light elements depending on only one cosmological
parameter, the baryon-to-photon ratio η ≡ nb/nγ (see Figure 1.1).3 The other two

3Baryons are all strongly interacting elementary particles with half-integral spin and relatively high
mass. They consist of three quarks. Prominent examples are the nucleons, protons and neutrons. The two
other particle families are the leptons (no strong interaction, relatively low mass, half-integral spin, e.g.
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Figure 1.1: Abundances of light elements as a function of the baryon-to-photon ratio
η (here expressed by the baryon density) as predicted by models of big bang nucle-
osynthesis (for h = 0.65; taken from Tytler et al. 2000). The rectangles represent the
95% confidence regions for measured abundances.

important parameters for primordial nucleosynthesis are the number of neutrinos and
the decay time of the neutron.

The general trend with η in Figure 1.1 can be easily understood: The higher the
baryon density, the earlier nucleosynthesis starts, and hence the more nucleons end up
in heavier elements. The dip in the abundance of lithium is due to the fact that 7

3Li
is produced via two channels, either 4

2He(3
1H,γ)7

3Li or 4
2He(3

2He,γ)7
4Be and subsequent

decay (Yang et al. 1984).
The successful prediction of the observed abundance ratios of the light elements is

a strong piece of evidence in favour of the hot big bang model.

Matter-Radiation Equality

In the beginning the universe was dominated by radiation, i.e. the energy density of
radiation εr greatly exceeded the one contained in matter εm: εr � εm. However, since
with cosmic time the radiative energy density drops off as εr ∝ T 4 ∝ (1+z)4 (see equa-
tion (1.13)) while the matter energy density decreases with εm ∝ ρ ∝ (1+ z)3, there is
a time when εr = εm: Matter and radiation contribute equal amounts to the cosmic en-
ergy budget. At this epoch (at zeq ' 3300) of matter-radiation equivalence the universe

the electron and the neutrinos) and the mesons (integral spin, higher mass, e.g. the pions).
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evolves from a radiation-dominated world to the matter-dominated universe we know
today. Moreover, this is the time when density fluctuations in the matter component
can begin to grow to form the structures observed today.

Recombination, Decoupling the the Surface of Last Scattering

At early times matter and radiation were tightly coupled by the process of Thomson
scattering. However, as the universe expands, there is a dramatic shift in the rate
between the typical collision time-scale and the time-scale for the cosmic expansion:
While the collision time-scale τc grows as τc ∝ ρ−1

m ∝ (1+ z)3, the cosmic expansion
evolves more slowly as τH ∝ (1 + z)−3/2 (for a matter-dominated universe). Hence
there exists a transition period in cosmic history when scattering takes place on time-
scales growing larger than the rate of cosmic expansion. This marked change in the
history of the universe is known as the decoupling of radiation and matter.

At some point the coupling of matter and radiation certainly had to end: When the
temperature fell to T <∼104 K, the electrons and the ions combined for the first time in
cosmic history, an event which is somewhat unfortunately known as the epoch of re-
combination. At that time, the intimate liaison between matter and radiation, mediated
by the process of Thomson scattering of photons with free electrons, finally comes to
a doleful end. However, this is not an instantaneous process: Ionisation degrees X of
X = 0.9 is reached at z ∼ 1500, X = 0.5 at z ∼ 1400, and at z ∼ 1300 the ionisation is
still 10% (X = 0.1).

All this is closely related to the background radiation field which we will discuss
below. The background photons were free to travel after decoupling, and the time when
their optical depth τ was equal to one (τ = 1) is known as the time of last scattering.
These three time-scales are closely related but follow from different definitions. To
clarify matters, I have summarised these epochs in Table 1.2.

The Cosmic Microwave Background

The cosmic microwave background is the relic radiation from the hot big bang. It was
discovered by chance (Penzias & Wilson 1965, Dicke et al. 1965), although there had
been theoretical considerations predicting this kind of radiation before.

The cosmic background radiation we observe today has a almost perfect blackbody
spectrum4 corresponding to a temperature of T = 2.726±0.002K (Fixsen et al. 1996).
However, small temperature fluctuations of the order ∆T/T ∼ 10−5 are observed in the
CMB. These can be interpreted as signatures of density perturbations in the epoch of
recombination and will be discussed in more detail in Section 1.1.4.

4According to Planck’s law, the radiation intensity Bν (T ) emitted by a black body at temperature T
and frequency ν is given by

Bν (T ) =
2h

c2
ν3

exp
(

hν
kT

)

−1
, (1.14)

where c is the speed of light, k is Boltzmann’s constant, and h is Planck’s constant.
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Table 1.2: Summary of important epochs in the history of our universe showing their redshift, time, (radiation) temperature and definition.
zeq, zrec and zdec are calculated using the formulae given in Kolb & Turner (1990) with the cosmological parameters presented in Spergel
et al. (2003).

Redshift Time Temperature Event

10−43 s 1032 K Planck epoch: realm of quantum gravity
10−35 s 1027 K epoch of inflation (?): exponential expansion, first seeds of structure
10−7 s 1014 K formation of nucleons (protons and neutrons)
15 min 108 K end of primordial nucleosynthesis

zeq ' 3300 0.06 Myr 9000 K matter-radiation equality (energy densities equal: εr = εm)
zrec ' 1260 0.43 Myr 3400 K recombination (ionisation rate X = 0.5)
zdec ' 1160 0.49 Myr 3200 K decoupling (mean free path equal to Hubble radius: λ = rH)

zls ' 1100 0.53 Myr 3000 K “last scattering”: origin of CMB (optical depth τ = 1)
“dark ages”

z ' 30 0.1 Gyr 85 K first stars (population III)
z ' 17±5 0.2 Gyr 49 K re-ionisation complete (WMAP; Spergel et al. 2003)

z = 6.6 0.8 Gyr 21 K highest redshift galaxy known today (Kodaira et al. 2003)
z = 6.4 0.9 Gyr 20 K highest redshift quasar known today (Fan et al. 2003)

z ∼ 3 2.2 Gyr 11 K Lyman-break galaxies
z ∼ 2 3.2 Gyr 8 K cosmic star-formation rate of galaxies begins to decrease
z ∼ 1 5.8 Gyr 6 K redshift limit as probed by MUNICS
z = 0 13.7 Gyr 3 K today
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Figure 1.2: Temperature fluctuations in the cosmic microwave background as mea-
sured by WMAP (Spergel et al. 2003).

1.1.4 Formation of Structure in the Universe

The General Picture

The homogeneity of the universe on large scales is well established. It is also evident
from the cosmic microwave background (CMB) the temperature of which is highly
homogeneous with fluctuations ∆T/T ∼ 10−5. Today, however, we observe prominent
structure in the form of galaxies, clusters and super clusters. For example, the density
in a galaxy is about 105 times the average density of the universe, and clusters of
galaxies reach over-densities of 102. . . 103. So how did this structure form?

It is thought to have developed from small initial fluctuations in the universe’s
density. The foot prints of these fluctuations can still be observed in the temperature
variations in the CMB (see Figure 1.2). The microwave background mirrors the fluc-
tuations at z ∼ 1100, when, at the end of the epoch of recombination of electrons and
ions, the universe became transparent to electromagnetic radiation (“surface of last
scattering”).

These fluctuations then grew under the influence of the gravitational interaction
mainly caused by the dark matter present in the universe. At a later time the baryonic
gas streamed into these dark matter haloes, formed stars and thus created the luminous
matter observed in galaxies.

The first stars, the so-called “population III stars”5, formed at redshifts z∼ 20 . . .30
in mini dark-matter haloes of M ∼ 106 M�. Due to the lack of heavy elements present
in today’s stellar objects they had vastly different properties: Their typical masses were
close to ∼ 100M�, and they ended their brief life enriching the universe with the first

5The name ‘population III’ tries to extend the concept of stellar populations introduced by Baade
(1944), defining ‘population I’ as containing luminous blue stars, dust and gas (like the Milky Way disk
or open clusters), and ‘population II’ as composed of red stars with essentially no gas and dust (elliptical
galaxies, bulges and globular clusters are examples).
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heavy elements (Bromm & Larson 2004).
In a universe dominated by cold dark matter – which is the favoured model these

days – galaxies grow hierarchically: The first structures to form are low-mass objects
which then grow by subsequent merging to the massive galaxies observed today.

However, while the gravitational dynamics of cold dark matter can be easily mod-
elled and very successfully explains the large-scale properties of the cosmic matter
distribution, the situation on galaxy-size scales is less clear. The reason is the “dirty
physics” of gas cooling, star formation, and stellar feedback on the surrounding gas
which escapes detailed calculations by means of its complexity.

Linear Theory of Density Perturbations

Imagine small perturbations in the matter density ρ and the velocity field u which can
be parameterised as ρ(x, t) = ρ̄(t)(1+δ (x, t)) and u = Ṙx + v, where x are comoving
coordinates, and the density contrast δ and the peculiar velocity v represent small per-
turbations. Inserting this into the basic equations of fluid dynamics, the equation of
continuity, Euler’s equation and Poisson’s equation, neglecting higher order perturba-
tions, and introduing Fourier transformed quantities δ (x, t) = ∑k δk(t)exp(ik · x), we
obtain the linear perturbation equation for a matter-dominated universe

d2δk

dt2 + 2
Ṙ
R

dδk

dt
−
(

4πG ρ̄ −
(

cs k
R

)2
)

δk = 0, (1.15)

where cs is the sound speed. Equation (1.15) is a wave equation with decaying
and non-decaying solutions. So how much do perturbations grow in our universe?
We have already shown that at z ∼ 1100 we observe temperature fluctuations in the
CMB corresponding to density fluctuations in the baryonic component of δb ' 5 ·
10−5. How much would these fluctuations grow until today? For a universe with the
density parameters Ωm,0 ' 0.3 and ΩΛ ' 0.7 (similar to the ones given in Table 1.1),
the growth of structure is about 80% of the growth observed in a Einstein-de Sitter
universe with Ωm,0 = 1, ΩΛ = 0 universe (Carroll et al. 1992). For the Einstein-de

Sitter universe, the scale factor R grows as R ∝ t2/3, and the non-decaying solution of
the linear perturbation equation as δk ∝ t2/3 ∝ R ∝ (1+ z). Thus, baryonic fluctuations
of the amplitude observed in the CMB could grow to δb < 0.05 today, much less than
the density contrast observed in galaxies and clusters today. Hence “dark matter” is
needed to explain the structures in our universe today!

Density Fluctuations and the Cosmic Microwave Background

One very important finding about the CMB is the existence of temperature fluctuations
of the order ∆T/T ' 10−5 (see Figure 1.2). These are interpreted as imprints of still
small density fluctuations in the early universe which are the seeds of the structure
observed in the local universe: For adiabatic perturbations, fluctuations in temperature
T are connected to variations in the baryonic density ρb by
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Figure 1.3: The angular power spectrum (more precisely l(l +1)Cl/2π with Cl defined
in equation (1.18)) of temperature fluctuations in the cosmic microwave background
as measured by the WMAP satellite (points, Hinshaw et al. 2003) as well as the best-
fitting model (line, Spergel et al. 2003).

∆ρb

ρb
= 3

∆T
T

. (1.16)

Note that the power spectrum of these temperature fluctuations in the CMB are an
efficient way to derive cosmological parameters (see e.g. Hu & Dodelson 2002, Scott
& Smoot 2004).

To get the angular power spectrum, the temperature variations on the sky are ex-
pressed through a sum over spherical harmonics:

∆T(θ ,φ)

T
=

∞

∑
l=0

+l

∑
m=−l

alm Ylm(θ ,φ) (1.17)

The angular power spectrum Cl is then computed from the coefficients alm by

Cl ≡ 〈
∣
∣alm

∣
∣2〉 =

1
2l +1

+l

∑
m=−l

alma∗lm (1.18)

The most accurate measurement of this angular power spectrum so far was done
with the WMAP satellite and is shown in Figure 1.3 (Hinshaw et al. 2003).

The general shape of this curve can be understood in terms of three distinct effects.
On large angular scales (l<∼100) the dominant contribution is from the Sachs-Wolfe
effect (Sachs & Wolfe 1967): Density fluctuations ∆ρ correspond to fluctuations in the
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Figure 1.4: The cosmological look-back time versus redshift. A cosmology with Ωm =
0.3, ΩΛ = 0.7 and H0 = 70kms−1 Mpc−1 was assumed.

gravitational potential ∆Φ leading to (I) gravitational redshift and (II) time dilation for
photons climbing out of the potential well:

∆T
T

=

(
∆Φ
c2

)

︸ ︷︷ ︸

I

+

(

−2
3

∆Φ
c2

)

︸ ︷︷ ︸

II

=
1
3

∆Φ
c2 (1.19)

The Sachs-Wolfe effect is responsible for the low-l plateau in the angular power
spectrum shown in Figure 1.3.

At intermediate scales (100 ∼ l <∼ 1000) we can see prominent peaks in the angular
power spectrum (see Figure 1.3). These are caused by gravity-driven acoustic oscil-
lations before recombination and are thus called the acoustic peaks. The position of
the peaks is connected to the sound horizon at the time of last scattering and therefore
probes the curvature of the universe (i.e. Ω), while its height is governed by the baryon
content Ωb of the universe.

On the smallest scales (1000 <∼ l) the oscillations are damped by two effects. The
first is Silk damping (Silk 1968): Radiation diffuses out of the perturbation and the
fluctuations are damped. The second effect is due to the finite thickness of the last-
scattering ‘surface’: We expect a number of independent fluctuations smaller than
this thickness along each line of sight, and we expect these random superpositions to
statistically reduce the amplitudes of the oscillations.
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1.1.5 Looking Back: Redshift and Galaxy Evolution

We live in an evolving universe. But how can we study the evolution of galaxies
with cosmic time? Since the life times of human beings are much shorter than the
age of the universe, we obviously cannot do this for individual galaxies. But due to
the finite speed of light we can study galaxies at different epochs in the cosmologi-
cal history: The higher the redshift at which we observe galaxies, the longer it took
their light to travel to our telescopes, and thus the younger are the galaxies we see
at this redshift. This is expressed by the cosmic look-back time, which is shown
in Figure 1.4 for a “standard” cosmological model with Ωm = 0.3, ΩΛ = 0.7 and
H0 = 70km s−1 Mpc−1, close to the values determined by the Wilkinson Microwave
Anisotropy Probe (WMAP; Spergel et al. 2003, see Table 1.1). With the MUNICS
redshift survey described in this thesis, we can investigate the evolution of galaxy pop-
ulations since z ∼ 1, when the universe had only half of its present age.

1.2 The Evolution of Galaxies with Cosmic Time: Observing
Galaxies From Low to High Redshift

In the last decades we have learned a lot about the evolution of galaxies in the uni-
verse. Much of this progress is due to improved observational techniques allowing us
to study both larger samples of local galaxies and deeper samples probing galaxies out
to redshifts z ∼ 5 or beyond.

In principle we can distinguish several different methods to obtains samples of
galaxies. Firstly, there are wide-field surveys which, being usually not very deep, pro-
vide large numbers of galaxies at lower redshifts. Secondly, one can invest observing
time on deep exposures of smaller fields, so-called ‘pencil-beam surveys’, which trace
galaxies out to high redshift. Thirdly, one can use broad-band photometric information
to select galaxies at different redshifts. Extremely Red Objects (EROs) and Lyman-
Break Galaxies (LBGs), amongst others, fall into this category.

It is important to note that with different selection techniques one builds up samples
of galaxies from different populations and at different redshifts. The challenge remains
to construct a unifying picture of galaxy formation and evolution from these different
samples.

In the following, I will summarise important observational results on galaxy sam-
ples drawn from different selection schemes.

1.2.1 Surveys of the Local Universe

In recent years, shallow surveys have started to map the local universe in large areas
of the sky. They greatly increase our knowledge of our cosmic neighbourhood and
provide important comparison data for studies at higher redshifts. The Sloan Digital
Sky Survey (SDSS, York et al. 2000) will eventually have mapped one quarter of the
sky down to r′AB ' 23 mag in five optical bands, and will have taken spectra of extra-
galactic objects down to r′AB ' 18 mag. In the near-infrared, the Two-Micron All Sky
Survey (2MASS, Jarrett et al. 2000) will map the entire sky in the near-infrared filters
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J, H and Ks with a limiting K-band magnitude of Ks ' 13.5. In parallel, large spectro-
scopic surveys like the 2-degree Field Galaxy Redshift Survey (2dFGRS, Folkes et al.
1999) provide catalogues of thousands of redshifts for galaxies, mapping a consider-
able portion of the local universe. The 2dFGRS contains more than 220 000 galaxies
with bJ ≤ 19.45 in 1500 square degrees selected from photographic plates of the APM
survey (Maddox et al. 1990a).

1.2.2 The Universe at Midlife

By the 1980s, the increased number of 4-m class telescopes and advances in electronic
detector technology enabled deeper surveys of the universe out to redshifts z ∼ 1,
when the universe had about half of its present age (see Colless 1997, Ellis 1997 for
reviews).

Many traditional surveys were conducted in the B band using photographic plates
at Schmidt telescopes (Schmidt 1931, Wilson 2004). When multi-object spectrographs
became available at 4-m class telescopes, many groups started follow-up observations
of these surveys. One noteworthy redshift survey of that kind is the Autofib Redshift
Survey probing the evolution of the luminosity function out to redshifts z ∼ 0.8 with
roughly 1700 galaxy redshifts (Ellis et al. 1996, Heyl et al. 1997).

In the middle of the 1990s, the I-band selected Canada–France Redshift Survey
(CFRS) marked an important point in the study of galaxy evolution with redshift sur-
veys. The selection in the I band made it possible to study the evolution of the evolved,
massive galaxies rather than star forming galaxies picked up in the more traditional
B-band selected samples. The CFRS comprises spectra of more than 1000 objects
with 17.5 ≤ IAB ≤ 22.5, 591 of which are galaxies with secure redshifts in the range
0 ≤ z ≤ 1.3. A series of papers presented not only the technical details of the survey
(Lilly et al. 1995a, b, Le Fèvre et al. 1995, Hammer et al. 1995), but more impor-
tantly studies of the evolution of the luminosity function (Lilly et al. 1995c) and of the
luminosity density and star formation rate density of the universe (Lilly et al. 1996),
finding very little evolution in the luminosity and number density of red galaxies in the
redshift range 0 < z < 1.

Selection in near-infrared filters like the K-band come even closer to a selection
in stellar mass. When suitable near-infrared detectors became available at large tele-
scopes, a number of K-band selected surveys were undertaken which can probe the
evolution of massive galaxies out to redshift z ∼ 1. Examples for such surveys are the
Hawaii Deep Fields (Cowie et al. 1994), the K20 Survey (Cimatti et al. 2002b) and the
Munich Near-Infrared Cluster Survey (MUNICS; Drory et al. 2001b) on which this
work is based.

1.2.3 Pencil-Beam Surveys

One way to probe the evolution of galaxies to large redshifts is to take deep exposures
of small fields. These ‘pencil-beam surveys’ have the advantage that one can study
galaxies out to very high redshift. Their main disadvantage, however, is the small size
of the fields: Locally they probe only small volumes making statistical tests difficult.
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Moreover, they are affected by the variation of the galaxy distributions over the sky, an
effect which is called ‘cosmic variance’.

Ground-based deep fields include the NTT Deep Field (NDF, Arnouts et al. 1999),
the William Herschel Deep Field (WHDF, Metcalfe et al. 2001) and the FORS Deep
Field (FDF, Heidt et al. 2003).

The most notable examples for these are, of course, the Hubble Deep Fields
(HDFs, Ferguson et al. 2000), the HDF North (Williams et al. 1996) and the HDF
South (Williams et al. 2000, Casertano et al. 2000), taken with the fantastic spatial
resolution of the Hubble Space Telescope (HST). More recently, the Hubble Ultra
Deep Field (UDF), a larger deep field taken with the new Advanced Camera for Sur-
veys (ACS) on board HST was released. Because of the high resolution, studies of
galaxy morphologies and sizes as well as their evolution with redshift are of special
interest.

Many studies of galaxy morphologies have been carried out in the HDFs (e.g.
Abraham et al. 1996, Odewahn et al. 1996, van den Bergh et al. 1996, Marleau &
Simard 1998, van den Bergh et al. 2000, Kajisawa & Yamada 2001, Conselice et al.
2004). One general trend is the increasing number of galaxies with irregular appear-
ance with redshift. Part of this trend may be attributed to the fact that the observed
optical regime samples the galaxies ultraviolet light. In the ultraviolet, the light is
dominated by the very young hot stars located in star forming regions displaying a
patchy character also in the local universe. But this cannot explain all of the evolu-
tion, especially it does not account for the increasing number of interacting systems
observed in the HDFs (e.g. van den Bergh et al. 1996). Furthermore, Dickinson et al.
(2003) find from an near-infrared selected sample of HDF-N galaxies that 50–75% of
the present-day stellar mass density was in place by z ' 1, but only 3–14% at z ' 2.7.
All this might suggest that the classical Hubble sequence of galaxy types (Hubble
1926) appeared at 1<∼z<∼2.

Another important aspect which can be investigated with HDFs is the evolution
of galaxy sizes. From the beginning it was obvious that the high redshift galaxies
seen in the HDFs are very small, compact objects (Lowenthal et al. 1997, Bouwens
et al. 2003). Analysis of recent observations taken with HST’s Advanced Camera for
Surveys (ACS) in the course of the GOODS project (Great Observatories Origins Deep
Survey, Giavalisco et al. 2004) confirm this evolutionary trend (Ferguson et al. 2004).

1.2.4 Extremely Red Objects

In the late 1980s and early 90s, with the advent of near-infrared imagers at large tele-
scopes, a class of objects with very red near-infrared to optical colours was discovered,
the so-called Extremely Red Objects (EROs, Elston et al. 1988, 1989, Hu & Ridgway
1994, Soifer et al. 1994, see also McCarthy 2004 for a complete review)6. The defining
criterion is usually expressed in terms of R−K colour, and typical definitions for EROs
are in the range R−K > 5 . . .6. From the beginning they were thought to be either
luminous star-forming galaxies at very high redshifts or evolved early-type galaxies at

6Sometimes these objects are also called ‘Extremely Red Galaxies (ERGs)’ However, in this work we
will adopt the term ERO.
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redshifts z>∼1. EROs have a surface density at the sky of ∼ 0.4 arcmin−2 (Thompson
et al. 1999, Yan et al. 2000).

Since by the end of that decade there was more and more interest in near-infrared
surveys of field galaxies, a wealth of papers on the photometric, morphological and
clustering properties of EROs appeared in the literature.

The first detailed studies of one ERO called HR10 found by Hu & Ridgway (1994)
revealed it to be a dusty starburst galaxy at redshift z = 1.44 (Graham & Dey 1996,
Cimatti et al. 1998, Dey et al. 1999).

Later studies of the spectral energy distributions (SEDs) or spectroscopic observa-
tions of EROs confirmed that they are not a homogeneous class. While some authors
found them to be early-type galaxies at z >∼ 1 (e.g., Elston1989, Hu & Ridgway 1994),
others found indication for star-formation or AGN activity (e.g., Graham & Dey 1996).

Most authors studying larger samples of EROs find a mix of both types. Cimatti
et al. (1999) find that 2 out of 9 EROs they studied seem to be dusty star-bursts,
while the rest are consistent with dustless evolved spheroidals at z>∼0.8. Similar re-
sults for bright EROs are found by Saracco et al. (2003) who identify massive evolved
galaxies at redshifts z > 1. On larger samples most authors find both classes (Martini
2001, Cimatti et al. 2002a, Smail et al. 2002b, Väisänen & Johansson 2004, Yan et al.
2004c).

Different contributions from evolved early-type galaxies and dusty star-bursts to
the ERO population found in these studies can likely be attributed to different mag-
nitude limits, different colour selection criteria, and to field-to-field variations of the
galaxy distribution (cosmic variance). Colour-colour diagrams may offer an easy way
to distinguish these different populations (Pozzetti & Mannucci 2000).

Morphologically this dichotomy is confirmed. Some EROs show asymmetric mor-
phologies (Graham & Dey 1996), others are well described by R1/4 profiles (de Vau-
couleurs 1948) typical for elliptical galaxies (Treu et al. 1998, Elston et al. 1989). Yan
& Thompson (2003) investigated the morphology of more than 100 EROs from HST
imaging. They find that roughly one third of the sample consists of bulge-dominated
galaxies, while the rest is comprised by disks. Furthermore, they find indications of
merging activity for about 20 per cent of all EROs. As with the spectral properties,
morphological studies of larger samples contain a mix of E/S0-like, spiral-like and
irregular morphologies (Moriondo et al. 2000, Cimatti et al. 2003, Moustakas et al.
2004, Yan et al. 2004c), with different fractions caused by different selection tech-
niques.

It is interesting to note that there is no strong correlation between spectral type and
morphological classification (Moustakas et al. 2004, Yan et al. 2004c)

Studies of the angular ERO distribution indicate that they are strongly clustered
with comoving correlation lengths of the order r0 ' (10± 3)h−1 Mpc, in the range
of present-day elliptical galaxies (Yan et al. 2000, McCarthy et al. 2001, Roche et al.
2002) which have correlation lengths of r0 ∼ 7h−1 Mpc, with the giant ellipticals hav-
ing r0 ∼ 11h−1 Mpc (see McCarthy 2004 and references therein).7 The clustering

7Clustering of galaxies in space can be described by the spatial two-point correlation function ξ (r)
which can be defined in terms of the number n(r)dV of galaxies which can be found in a volume element
dV at a comoving distance r from any galaxy in a density field of average density n0:
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properties of the two contributing populations differ considerably in the sense that
the old ellipticals show much more correlation. Daddi et al. (2002) measure a much
smaller correlation length of r0 = 2.5h−1 Mpc for the star-forming EROs.

Radio and X-ray observations as well as optical spectroscopy reveal that only a
small fraction of the ERO population is comprised of obscured AGN (Smail et al.
2002b, Cimatti et al. 2003, Yan et al. 2004c, Severgnini et al. 2004).

It has been suggested that EROs (or at least the evolved early-type galaxies con-
tributing to the ERO population) might be an efficient tool to test current models of
galaxy formation. Indeed, most present-day semi-analytic models seem to have dif-
ficulties to match the observed number density of EROs at z>∼1 (Cimatti et al. 1999,
Martini 2001, Daddi et al. 2002, Roche et al. 2002, Smith et al. 2002).

Recently, first observations with the Spitzer Space Telescope (formerly called
SIRTF, the Space InfraRed Telescope Facility, Fanson et al. 1998) allowed the study
of infrared properties of EROs and detected EROs at redshifts z ∼ 2 and beyond (Yan
et al. 2004b, Wilson et al. 2004, Yan et al. 2004a).

1.2.5 Distant Red Galaxies

Recently, relatively red galaxies at redshifts z >∼2 were discovered. Defined by there
red near-infrared colours, J −K > 2.3, they are referred to as Distant Red Galaxies
(DRGs, Franx et al. 2003, van Dokkum et al. 2003). DRGs apparently have stellar
masses comparable to those of today’s early-type galaxies. Comparing DRGs and
Lyman-Break Galaxies at redshifts z ∼ 3 (see next Section) at the same rest-frame
optical luminosity, the DRGs seem to be dustier, more metal rich, more massive and
older (van Dokkum et al. 2004).

1.2.6 Submillimeter Sources

Submillimeter (sub-mm) radiation of galaxies is mainly due to the emission from warm
interstellar dust. The dust component absorbs the light of young, high-mass stars in
star-forming galaxies and re-emits it at rest-frame wavelengths around λ ∼ 100µm (for
typical dust temperatures of T ' 40 K). Quite naturally, the submillimeter emission is
a measure of the galaxy’s current star-formation activity. The rest-frame peak of the
dust emission implies that the k(z) corrections, which describe the change of flux in a
given wavelength range due to the redshifting of the rest-frame spectrum, are negative,
i.e. submillimeter sources are less affected by the effects of cosmological dimming
(Blain & Longair 1993).

n(r)dV = n0

[

1 + ξ (r)
]

dV (1.20)

Thus ξ (r) describes the excess number of galaxies at distance r from any given galaxy. On scales
smaller than 10h−1 Mpc, the two-point correlation function can be well described by a power-law

ξ (r) =
( r0

r

)γ
(1.21)

with the comoving correlation length r0. In the local universe measurements of galaxy clustering yield
r0 ' 5.7h−1 Mpc and γ ' 1.77 (Peebles 1980, 1993, Longair 1998, Peacock 1999).
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When the Sub-mm Common-User Bolometer Array (SCUBA, Holland et al. 1999)
became available at the 15-m James Clerk Maxwell Telescope (JCMT), astronomers
were able to make sensitive images of the sky at sub-mm wavelengths, usually at
λ = 850µm. They soon discovered a population of faint sub-mm sources in the distant
universe (Smail et al. 1997). Many of these could be identified with Extremely Red
Objects (EROs) in the near-infrared and optical regime (Smail et al. 1999), and are
most likely massive, heavily star-forming and heavily obscured galaxies at redshifts
z>∼2 (Smail et al. 2002a). In that respect, they are strikingly similar to the population of
Ultra-Luminous InfraRed Galaxies (ULIRGs) at low redshifts which were discovered
in the 1980s by the InfraRed Astronomical Satellite (IRAS).

Difficulties with the interpretation of submillimeter galaxies remain. For one,
SCUBA’s low angular resolution of only 15 arcsec makes optical identifications diffi-
cult. (At millimetre wavelengths the 30-m IRAM telescope offers higher resolution.)
Moreover, successful follow-up spectroscopy in the optical is hard to achieve since
typical SCUBA sources are very red, dusty objects.

1.2.7 Exploring the ‘Redshift Desert’

We have already described the study of galaxies at redshifts z <∼ 1.5 with traditional
redshift surveys and of Lyman-break galaxies (LBGs) at redshifts z >∼ 2.5. The redshift
range in between, i.e. 1.5 <∼ z <∼ 2.5 has traditionally been difficult to bridge due to the
lack of prominent spectral features at 4300Å <∼ λobs

<∼ 9000Å characteristic for most
spectrographs on this planet. Hence this regime had become known as the ‘redshift
desert’.

This is somewhat unfortunate, because there are many pieces of evidence – e.g.
the dramatically different appearance and properties of LBGs as compared to the local
galaxy population – which might suggest that at these redshifts a significant change in
galaxy properties might occur.

However, Adelberger et al. (2004) and Steidel et al. (2004) show how spectra
of a large number of star-forming galaxies in this redshift range can be obtained by
combining photometric colour pre-selection techniques with multi-object spectroscopy
using a blue-optimised spectrograph at a 10-m class telescope. The principle of the
photometric selection can be seen in Figure 1.5.

So far it is unclear how the population of this galaxies relates to the LBGs at z ∼ 3
and to galaxy samples at lower redshift, but the study of these objects will likely shed
some more light on the process of galaxy evolution, especially in combination with
galaxy samples at 1 <∼ z<∼2 drawn from near-infrared selected surveys like the on-going
MUNICS-Deep project briefly described in Section 2.4.

1.2.8 Lyman-Break Galaxies

The best studied sample of high redshift galaxies are the Lyman-Break Galaxies
(LBGs) at z ∼ 3 (see Giavalisco 2002 for a review). LBGs can be easily identified
by optical photometry through filters designed to isolate the spectral discontinuity at
λ ' 912Å (Steidel & Hamilton 1992, 1993, Steidel et al. 1995). This ‘Lyman break’
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Figure 1.5: Illustration of the photometric selection technique for galaxies in the ‘red-
shift desert’ (taken from Adelberger et al. 2004). Star-forming galaxies in a given
redshift interval can be selected by choosing suitable combinations of galaxy colours.

is caused by a combination of the stellar spectral energy distributions, the intrinsic
opacity of galaxies to Lyman continuum photons, and the influence of absorbers along
the line of sight between the galaxy and the observer. The principle of this selection
technique is illustrated in Figure 1.6.

Morphological investigations of LBGs making use of the high spatial resolution of
HST show that they have very compact, bright cores (sometimes multiple) and are of-
ten surrounded by a diffuse and asymmetric halo (Giavalisco et al. 1996, Steidel et al.
1996a). Star formation in these high-redshift galaxies thus occurs in very compact
regions of high surface brightness. These findings might be interpreted to be evidence
for a formation of the traditional Hubble sequence at lower redshifts than the LBG
regime.

The spectra of LBGs resemble those of star-forming galaxies locally (Steidel et al.
1996b) and are remarkably uniform (Pettini et al. 2001). Detailed spectral analysis
yields abundances of at least one tenth solar, making them rather metal rich for their
epoch (Pettini et al. 2001). Moreover, the virial masses deduced from the measured ve-
locity dispersions are of the order of 1010 M� within a half-light radius of 2.5 kpc, with
mass-to-light ratios of M/L ' 0.15M�/L� corresponding to stellar populations be-
tween 108 and 109 years old. Another very important finding is the existence of super-
winds on galactic scales which certainly have a major effect on the star-formation
histories of LBGs (Pettini et al. 2001).

The results on the stellar populations are confirmed from studies of the spectral
energy distribution (SED) of the LBGs (Papovich et al. 2001, Shapley et al. 2001).
Shapley et al. (2001) also find interesting correlations: more luminous galaxies are
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Figure 1.6: Illustration of the photometric selection technique for LBGs (taken from
Steidel et al. 1999a). The spectrum shown is a model spectrum of galaxy at redshift
z = 3.15. Superimposed are the transmission curves of the three filters used in the
pioneering studies by Steidel & Hamilton (1992). Clearly, one can efficiently pre-
select samples of high-redshift galaxies using the Lyman continuum break in their
spectra.

dustier, and younger galaxies are dustier and have higher star-formation rates. They
try to explain these trends with a unified model in which a short burst of very rapid
star formation of the order of hundreds solar masses per year is followed by a pe-
riod of reduced star formation and dust extinction. The reduction of the extinction is
probably governed by the huge outflows observed in LBGs, thereby causing the metal
enrichment of the IGM (Adelberger et al. 2003).

Many studies of the clustering properties of LBGs have been performed (e.g.,
Adelberger et al. 1998, Giavalisco et al. 1998, Steidel et al. 1998, Giavalisco & Dick-
inson 2001, Porciani & Giavalisco 2002). They find that LBGs are clustered with
comoving correlation lengths of r0 ' 4h−1 Mpc, with amplitudes comparable to the
ones observed for present-day luminous spiral galaxies (the local galaxies cluster with
correlation lengths of r0 ' 5.7h−1 Mpc). This suggests that LBGs are associated with
massive dark-matter haloes, and might be the progenitors of massive galaxies today.

1.2.9 Galaxies Beyond the LBG Regime

We conclude our overview of galaxies at different cosmic epochs by a summary of
results on the highest redshift objects. To study galaxies beyond the realm of the
Lyman-Break Galaxies (LBGs), i.e. galaxies at redshifts z>∼4, one has several options.
One way is to rely on very deep observations like the Hubble Deep Fields (HDFs,
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Ferguson et al. 2000, Williams et al. 2000, Casertano et al. 2000), the FORS Deep
Field (FDF, Heidt et al. 2003) or the Ultra Deep Field (UDF) which probe the galaxy
population out to z ∼ 5 . . .6.

Other techniques are searches for the prominent Lyman-α emission line in narrow-
band images in the optical, selection of radio-emitting objects, or photometric pre-
selection (see Stern & Spinrad 1999, Taniguchi et al. 2003b for reviews). Since radio
detection methods will yield samples of galaxies whose light is mostly dominated by
the emission of their active nucleus, we will not discuss this technique in detail. Also,
more modern photometric methods to find high-redshift AGN (e.g. Fan et al. 2001)
will not be described here.

One popular technique is to search for the emission of the Lyman-α line of high-
redshift galaxies. This was first suggested in a pioneering paper by Partridge & Peebles
(1967) and led to the discovery of a number of galaxies at redshifts larger than five
(see Table 1.3). Another method uses the spectral break around λ ' 912Å and is thus
similar to the pre-selection of LBGs at z ∼ 3. The only difference is that one uses
R-band or I-band drop-outs instead of U drop-outs as for the LBGs. This technique is
also very successful (see Table 1.3).

Note that although these two methods complement each other, they are in reality
not completely independent. While the Lyman-break technique relies on the contin-
uum shape only the appearance of an emission line at the location of the break helps
in identifying the break. On the other hand, apart from the intrinsic asymmetry of the
Lyman-α line, one popular criterion for the identification of a single Lyman-α line is
the existence of continuum flux red-wards the line, and the total lack of it blue-wards.

A variation of the drop-out approach is to use the objects’ photometry in several
filters together with template spectral energy distributions (SEDs) to estimate their
redshift. This ‘photometric redshift method’ has been pioneered by Baum (1962) and
Koo (1985) and is widely used for obtaining redshifts today.

Kurk et al. (2004) used a different approach. The performed slitless spectroscopy
in the wavelength region around λ ∼ 9100Å to search for Lyman-α emitters at z ∼ 6.5
and found one object at z = 6.518.

The observed properties of these high-redshift galaxies are, of course, of particular
interest. Although the number of confirmed objects at z>∼5 is still very small, they allow
a glimpse at the very early stages of galaxy evolution. After all, at these redshifts, we
see galaxies at an epoch when the universe was only 1 Gyr old.

Star-formation rates for these galaxies, as referred from their Lyman-α luminos-
ity, are usually in the range 5 . . .20M� yr−1, considerably lower than LBGs at z ∼ 3.
Similar to other high-redshift objects, they show small physical sizes.

1.3 The Evolution of Galaxies with Cosmic Time: Statistical
Properties of Galaxies

1.3.1 The Galaxy Luminosity Function

The luminosity function of galaxies is the number density of galaxies as a function of
the galaxies’ luminosity L, or, in astronomical language, their absolute magnitude M.
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Table 1.3: List of spectroscopically confirmed galaxies at redshifts beyond 5 (fol-
lowing Stern & Spinrad 1999, Taniguchi et al. 2003b, Spinrad 2004, updated by the
author).

z Technique Reference

6.58 narrow-band imaging Kodaira et al. (2003)
6.56 narrow-band imaging, lensed Hu et al. (2002)
6.55 serendipitous Stern et al. (2004)
6.54 narrow-band imaging Kodaira et al. (2003)
6.52 slitless spectroscopy Kurk et al. (2004)
6.33 Lyman-break Nagao et al. (2004)
6.17 narrow-band imaging Cuby et al. (2003)
5.87 Lyman-break Lehnert & Bremer (2003)
5.83 Lyman-break Dickinson et al. (2004)
5.78 Lyman-break Bunker et al. (2003)
5.77 serendipitous Dawson et al. (2001)
5.75 narrow-band imaging Rhoads et al. (2003)
5.74 Lyman-break Lehnert & Bremer (2003)
5.74 narrow-band imaging, lensed Hu et al. (1999)
5.70 narrow-band imaging Rhoads et al. (2003)
5.69 narrow-band imaging Ajiki et al. (2002)
5.67 narrow-band imaging Rhoads et al. (2003)
5.66 narrow-band imaging Taniguchi et al. (2003a)
5.65 Lyman-break Lehnert & Bremer (2003)
5.64 narrow-band imaging Hu et al. (1998)
5.63 serendipitous Dawson et al. (2001)
5.60 Lyman-break Weymann et al. (1998)
5.58 serendipitous, lensed Ellis et al. (2001)
5.34 Lyman-break Spinrad et al. (1998)
5.34 Lyman-break Dey et al. (1998)
5.19 serendipitous Dawson et al. (2001)
5.12 Lyman-break, lensed Frye et al. (2002)
5.06 Lyman-break Lehnert & Bremer (2003)
5.02 Lyman-break Lehnert & Bremer (2003)

Plotted in logarithmic units, it shows a characteristic shape with a linear behaviour at
the faint end, and a sharp cut-off at high luminosity. This characteristic shape of the
luminosity function is generally described by a Schechter function,

Ψ(L) =
Φ∗

L∗

(
L
L∗

)α
exp

(

− L
L∗

)

, (1.22)

where L∗ is the characteristic luminosity, α the faint-end slope, and Φ∗ the number
density normalisation of the luminosity function (Schechter 1976). The corresponding
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equation in absolute magnitudes reads

Ψ(M) =
2
5

Φ∗ ln10 100.4(M∗−M)(1+α) exp
(

−100.4(M∗−M)
)

. (1.23)

Investigating the evolution of the B-band luminosity function from the Autofib
Redshift Survey, Ellis et al. (1996) and Heyl et al. (1997) find that the total luminosity
function evolves in the sense that the faint-end slope changes from α '−1.1 to α '
−1.5 from the local universe to z ' 0.5. They also show that the LF of more quiescent
galaxies does not evolve much, whereas the luminosity density of star forming galaxies
declined by roughly 50% since redshift z ' 0.5 . Lilly et al. (1995c) used the I-
band selected Canada-France Redshift Survey (CFRS; Lilly et al. 1995b) to study the
evolution of the B-band LF out to z ∼ 1, again finding little evolution for red galaxies,
but marked changes in the population of star forming objects.

Recently Gabasch et al. (2004a) used the FORS Deep Field (FDF; Heidt et al.
2003) to probe the LF evolution from ultraviolet to optical bands out to much higher
redshifts. They find clear evolution in all bands with a brightening and decrease in
number density with increasing redshift, where the effect is strongest in the bluest
band-passes.

Studies of the rest-frame near-infrared luminosity function of field galaxies out
to z ∼ 1 find little or no evolution with redshift, as is described in more detail in
Section 6.1.

1.3.2 The Stellar Mass Function of Galaxies

In the current models of galaxy formation, the stars in galaxies form from gas falling
into dark matter haloes. The halo mass function is considered as one of the key predic-
tions of the theoretical scenarios. Assuming a method to assign stellar masses to dark
matter haloes of a given mass, it is interesting to compare stellar mass functions from
models to observations.

Unfortunately, the masses of galaxies are not easily derived. The total mass can be
inferred from dynamical observations, whereas the stellar mass can only be estimated
from the light of the galaxy’s stars. However, not all wavelength regimes are well
suited for this conversion from light to mass. The ultraviolet light of galaxies, for
example, is dominated by young, hot stars and thus is rather a measure of the current
star formation rate in the galaxy than of the mass already accumulated in stars. The
near-infrared radiation, and in particular the K-band light at λ ' 2.2µm, is mainly
produced by the old, evolved stellar population in galaxies and only little affected by
ongoing star formation (Rix & Rieke 1993). The (rest-frame) K-band luminosity of
galaxies can therefore be considered as a good tracer of the stellar mass of galaxies.

During the last years, a number of research groups have used deep galaxy sam-
ples with near-infrared imaging to study the stellar mass function of galaxies and its
evolution with redshift. At low redshifts, Bell et al. (2003a, b) used a combination of
2MASS (Jarrett et al. 2000) and SDSS to derive local representations of the baryonic
and stellar mass functions, respectively.

Drory et al. (2001a, 2004a) used the MUNICS sample (see Section 2), a K-band
selected galaxy catalogue with photometric redshifts, to study the evolution of the inte-
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Figure 1.7: The stellar mass function of galaxies in four different redshift bins as
measured from the MUNICS project (Drory et al. 2004a, filled symbols) and the K20
survey (Fontana et al. 2004, open symbols). Electronic data for the K20 mass function
were kindly provided by A. Fontana.

grated stellar mass function as well as the stellar mass function itself. They find a clear
evolutionary trend in the sense that with increasing redshift the number density of the
most massive galaxies declines significantly. The non-integrated stellar mass function
shows this trend very clearly: The number density decreases with redshift, and the
high-mass cut-off of the mass function moves towards lower masses. This trend was
confirmed by the results from the K20 survey (Fontana et al. 2004). Figure 1.7 shows
the combined mass function data from MUNICS and K20 showing the evolutionary
trends described above.

The decline of the stellar mass density with redshift was measured by Rudnick
et al. (2003), Conselice et al. (2004), Drory et al. (2004a), Fontana et al. (2004),
Glazebrook et al. (2004). Comparison with semi-analytic models shows disagreement
between the model predictions and the build-up of mass in the universe as observed
with deep surveys in the sense that the models seem to predict too low a number of
massive systems at redshifts 1<∼z<∼2.
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1.3.3 The Star Formation Rate Density of the Universe

To some extent the build-up of stellar mass in the universe can be traced by measuring
the star formation rate density (SFRD) as a function of redshift. The SFRD is the
birthrate of stars, usually expressed in solar masses M� per year and comoving volume.

How can we measure the current SFR of a galaxy? Ongoing star formation reveals
itself mainly in three effects (see Rosa-González et al. 2002 for a summary). First,
the short-lived, high-mass stars have very high atmospheric temperatures and hence
radiate in the ultraviolet. The ultraviolet continuum radiation of galaxies is therefore
a measure of the galaxies’ SFR. Secondly, star formation occurs in molecular clouds
which are usually associated with dust. The dust absorbs the ultraviolet photons amply
emitted by the hot stars and re-emits them in the far-infrared. Thus there is a strong
correlation between thermal dust emission of galaxies and the SFR. Thirdly, gaseous
nebulae in the galaxies are ionised by the ultraviolet emission and emit line radiation
upon recombination, resulting in a close connection between emission line strengths
and SFR. The most popular emission lines used to determine the SFR are Hα at λ =
6563Å and [OII] at λ = 3727Å.

One problem with the above mentioned star-formation estimators is the role of the
initial mass function (IMF)8 of the stars in the galaxies for calibrating the estimator,
the fact that different techniques do not always yield the same result, and the influence
of dust extinction which is often impossible to quantify.

Nevertheless there is reasonable agreement about the general behaviour of the
SFRD as a function of redshift (see Figure 1.8). From z = 0 to z ∼ 2 there is a clear
rise the slope of which, however, is under debate. At higher redshifts, the situation
is also far from clear. Apparently the SFRD remains on a high value for a wide red-
shift range before it falls off. However, because of small samples, incompleteness at
high redshifts, and the problem of dust extinction the exact history of star formation at
higher redshifts remains unclear.

Hernquist & Springel (2003) use physical arguments and analytic approximations
to numerical simulations to derive a simple formula for the cosmic SFRD:

ρ̇? (z) = ρ̇0
χ2

1+α(χ −1)3 exp
(
β χ7/4

) . (1.25)

In this equation, β ' 0.044 is derived from the normalisation of the power spec-
trum, α is a free parameter, and χ is defined as

χ (z) ≡
(

H(z)
H0

)2/3

(1.26)

8The initial mass function (IMF) describes the mass distribution of forming stars. Over a wide range
of stellar masses M , the IMF can be approximated by a power-law function

dN
dM

∝ M
−α . (1.24)

In his seminal paper Salpeter (1955) showed that α ' 2.35. This “Salpeter IMF” is still widely used
today.
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Figure 1.8: The evolution of the star formation rate density as derived from various
surveys (not corrected for dust extinction). The compilation of values was taken from
Somerville et al. (2001).

where H = Ṙ/R is the Hubble parameter, characterised by the cosmic evolution of
the cosmic scaling factor R (e.g. Carroll et al. 1992; see Section 1.1.1):

H (z) = H0

[
ΩM(1+ z)3 +(1−Ωtot)(1+ z)2 +ΩΛ +Ωr(1+ z)4]1/2

(1.27)

Their analysis also offers an explanation for the general behaviour of the star-
formation rate in the universe, especially for the peak in the star-formation history. At
high redshifts, densities are high and cooling is therefore highly efficient and sufficient
amounts of gas are available for star formation. Hence the star formation is dominated
by the highest-mass haloes, and thus follows the evolution of the exponential part of
the mass function. At lower redshift, on the other hand, cooling is less efficient due
to the low densities and therefore governs the star-formation rate. They find a typical
behaviour of ρ̇?(z) at low redshifts which may be described by

ρ̇? (z) ∝ H(z)q (z < zpeak), (1.28)

where q ' 4/3. We will test this prediction with our MUNICS dataset in Chapter 8
of this thesis.

1.3.4 Downsizing: The Connection of Star Formation and Mass

Lilly et al. (1995c) noted that in the Canada–France Redshift Survey (CFRS) there
was strong evolution in the population of blue galaxies with redshift: With increasing
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Figure 1.9: The distribution of rest-frame [OII] equivalent width versus rest-frame
absolute K-band magnitude in four redshift bins illustrating the effect of “downsizing”
(Figure 10 from Cowie et al. (1996), see text for details.)

redshift, they saw a population of bright blue galaxies emerging which was not present
locally.

Around the same time Cowie et al. (1996) investigated a small spectroscopic sam-
ple of roughly 300 galaxies with K ≤ 19.5 in two 13 arcmin2 fields with K, I, and
B-band imaging. They found a variation of the same phenomenon and termed this pro-
cess “downsizing”: With increasing redshift, the locus of star-forming galaxies moves
to brighter (absolute) K magnitudes, i.e. the most massive galaxies were forming at
higher redshifts. This can be clearly seen from Cowie et al.’s original plot reproduced
in Figure 1.9.

Downsizing is a very important effect because it allows direct conclusions about
when the stellar mass was assembled in systems with different masses. In particular,
the most massive systems had their epoch of major star formation very early in the
history of the universe.

The general trend of downsizing is confirmed by many investigations which sug-
gest that both mass assembly and star formation happen very rapidly and are completed
early in massive galaxies (e.g. Kashikawa et al. 2003, Pozzetti et al. 2003, Saracco
et al. 2003, Kodama et al. 2004). A similar behaviour has been observed in clusters:
Tran et al. (2003) and Poggianti et al. (2004) find an increase of mass for E+A galaxies
with redshift.9

9E+A galaxies were first identified in spectroscopic surveys of galaxy clusters (Dressler & Gunn
1983). They exhibit the spectrum of an old, evolved galaxy, like that of an elliptical (type ‘E’) with no (or
very faint) [OII] emission, but they show very strong Balmer absorption lines indicative of the presence
of A-type stars. They are interpreted as post-starburst galaxies (Couch & Sharples 1987).
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This seems to agree well with other pieces of evidence for early assembly in early-
type galaxies (see Peebles 2002 for a review). Among these are the tight correlations
observed in elliptical galaxies like the colour-magnitude relation of early-type galaxies
in clusters (Bower et al. 1992, Aragón–Salamanca et al. 1993, Stanford et al. 1995,
Ellis et al. 1997, Stanford et al. 1998, Terlevich et al. 2001, Holden et al. 2004), the
‘fundamental plane’10 of elliptical galaxies both in clusters (Bender et al. 1998, van
Dokkum et al. 1998, Jørgensen et al. 1999, Kelson et al. 2000, van Dokkum & Stanford
2003, Wuyts et al. 2004) and in the field (van Dokkum et al. 2001, Treu et al. 2002,
Gebhardt et al. 2003, van Dokkum & Ellis 2003, van der Wel et al. 2004). From the
colour-magnitude relation old ages can be inferred for elliptical galaxies, and the mere
existence of tight relations argues against major merging activity at lower redshifts
(say z <∼ 1) as would be predicted by hierarchical formation scenarios.

Other lines of evidence that massive elliptical galaxies might have been well in
place at redshifts z >∼ 1 arise from studies of the chemical enrichment of galaxies and
super-massive black holes in their centre. Modelling the chemical history of galaxies,
Thomas et al. (1999) show that merging of two spirals cannot reproduce the enhance-
ment of α elements11 observed in elliptical galaxies. The correlation between black-
hole mass and stellar velocity dispersion observed in bulges (Kormendy & Richstone
1995, Ferrarese & Merritt 2000, Gebhardt et al. 2000) on the other hand, might have
been destroyed by late merging events.

1.4 Thesis Outline

This thesis is organised as follows. Chapter 2 introduces the Munich Near-Infrared
Cluster Survey (MUNICS), a photometric survey in near-infrared and optical filters
on which this work is based. Then, in Chapter 3, I describe a spectroscopic redshift
survey based on the MUNICS catalogue, concentrating mainly on its design and the
observations. Chapter 4 discusses the details of the reduction of the multi-object spec-
troscopic data, and Chapter 5 presents an analysis of the objects in the spectroscopic
sample. One of the central chapters of this thesis, Chapter 6, discusses near-infrared
field-galaxy luminosity functions derived from the spectroscopic sample and gives re-
sults on their evolution with cosmic time. Chapter 7 introduces optically selected
galaxy catalogues based on photometric redshifts. The results of Chapter 6 are then
compared to those from these optically selected catalogues in Chapter 8. Furthermore,
in Chapter 8 we use the optically selected galaxies to study the evolution of luminos-
ity functions, densities and the star-formation rate, as well as the connection between
stellar mass and star formation. Finally I conclude this work with a summary and an
interpretation of the results in the framework of galaxy evolution in Chapter 9.

10The fundamental plane (FP) of elliptical galaxies is a tight correlation between the effective radius
re, the central velocity dispersion σ0 and the mean surface brightness Ie within re (Djorgovski & Davis
1987, Dressler et al. 1987).

11The so-called α elements Oxygen (O), Magnesium (Mg), Silicon (Si), Calcium (Ca) and Titanium
(Ti) are built up by synthesising α particles, i.e. Helium-4 cores.



Chapter 2

Observing Massive Galaxies to
Redshift One: The Munich
Near-Infrared Cluster Survey

This chapter presents the Munich Near-Infrared Cluster Survey (MUNICS), a photo-
metric survey in near-infrared and optical filters, on which the spectroscopic survey
described in this thesis is based.

2.1 Introduction

In observational cosmology, galaxy surveys are used to study statistical properties of
the galaxy population and their change with redshift. Going to higher redshift is equiv-
alent to looking back into the past of our universe, thus it allows to study the evolution
of the galaxy population with time.

Many studies have focused on the evolution of galaxies in clusters, but studying
the average galaxy population in the ‘field’ instead of the very special situation of the
very high-density cluster environment has gained considerable importance.

During the last few decades, most field galaxy surveys have been optically se-
lected, mostly in the I or B band at λ ' 8000Åand λ ' 4400Å, respectively (see e.g.
Ellis 1997 for a review)1. In recent years, however, there has been growing interest
in the study of near-infrared-selected samples of galaxies. In particular, the K band
at wavelengths of roughly λ ' 2 µm offers the unique opportunity to detect evolved
galaxies, since the K-band light of galaxies is largely dominated by the radiation of the
evolved stellar population (Rix & Rieke 1993, Kauffmann & Charlot 1998, Brinch-
mann & Ellis 2000). Also, the K-band is much less affected by the effects of dust
extinction than the optical light. Moreover, in the case of the K band, the transfor-
mation which has to be applied to convert the observed flux of the redshifted spectral
energy distribution of an object through a given filter to the corresponding rest-frame

1Referring to the I filter as an optical band is somewhat sloppy since it is actually partly in the near-
infrared. Nevertheless it has become quite common because the I band is usually observed with the same
detectors as the other ‘optical’ bands.
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Figure 2.1: Illustration of MUNICS field geometry and field names. Each mosaic
field (e.g. S2F1) consists of four pointings with the near-infrared OmegaPrime camera
which are covered with one circular-aperture pointing of the CAFOS optical imager.
Some of the mosaic fields actually are 2-by-4 mosaics consisting of two adjacent fields,
in this case S2F1 and S2F5.

flux, the so called k(z) correction, is much smaller – and indeed negative – than in
the optical wavebands, and the variation of k(z) corrections between different galaxy
types is small. These effects reduce systematic errors introduced by applying k(z) cor-
rections during the construction of the luminosity function considerably. As another
advantage of near-infrared selected surveys, the rest-frame K-band luminosity can be
used to derive stellar masses for the galaxies, as has been done by Drory et al. (2001a,
hereafter MUNICS III) and Drory et al. (2004a, hereafter MUNICS VI), for example.
Obviously, this allows the direct study of the history of the assembly of stellar mass in
the galaxies and thus helps to understand the mechanism of their formation.

2.2 The MUNICS Project

The Munich Near-Infrared Cluster Survey is a wide-field medium-deep imaging survey
in the near-infrared and optical, and is a powerful tool to study the evolution of field
galaxies out to redshifts z <∼ 1, although it was initially designed to search for high-
redshift galaxy clusters. This aspect of the survey is described in Botzler (2004).

Some of the MUNICS fields are targeted towards 1 < z < 2 quasars to search for
clusters in their environment (Snigula 2001), but these fields lack optical data and will
not be discussed here. The main part of the survey consists of ten ‘mosaic fields’,
which are 2-by-2 mosaics of near-infrared images taken with OmegaPrime at the 3.5-
m telescope at Calar Alto observatory (Spain). Each 2-by-2 mosaic is covered with
optical images with circular aperture from the CAFOS camera at the 2.2-m telescope
at Calar Alto, as is illustrated in Figure 2.1. The field names and coordinates are listed
in Table 2.2.

Near-infrared images were taken in the K ′ and J filters, and their reduction is de-
scribed in Drory (2002) and Drory et al. (2001b, hereafter MUNICS I). Additional
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Table 2.1: Completeness limits for the MUNICS photometric survey. All magnitudes
are the 50 per cent completeness limit for point sources and refer to the Vega system.

Filter K ′ J I R V B
mlim [mag] 19.1 20.9 22.3 23.6 24.0 24.0

Table 2.2: The ten MUNICS mosaic fields. The table gives the field name (see Fig-
ure 2.1), the field coordinates (right ascension α and declination δ as well as galactic
coordinates l and b) for the equinox 2000.0 and the effective area of the field in square
arc-minutes. For all these fields photometry in K ′, J, I, R, V and B is available, and the
effective area is the area of the sky covered by observations in all six filters.

Field α δ l b Area
(2000.0) (2000.0) [arcmin2]

S2F1 03:06:41 +00:01:12 178.66 −47.67 119.1
S2F5 03:06:41 −00:13:30 178.93 −47.84 123.7
S3F1 09:04:38 +30:02:56 195.37 +40.64 116.6
S3F5 09:03:44 +30:02:56 195.32 +40.45 107.6
S4F1 03:15:00 +00:07:41 180.58 −46.05 105.6
S5F1 10:24:01 +39:46:37 180.85 +57.04 115.7
S5F5 10:25:14 +39:46:37 180.76 +57.27 105.3
S6F1 11:55:58 +65:35:55 131.90 +50.55 117.1
S6F5 11:57:56 +65:35:55 131.60 +50.62 116.5
S7F5 13:34:44 +16:51:44 349.45 +75.66 119.1
All 1146.3

optical imaging for the mosaic fields was obtained in the I, R and V filters (Feulner
2000), and, more recently, also in the B band (see Section 2.3). Object detection and
photometry were carried out with YODA (Drory 2003). We produce a strictly K-band
selected catalogue by running the detection algorithm on the K-band images, and then
doing the photometry in all filters at the positions determined in the K-band image and
appropriately transformed to the coordinate systems in the other filters. Photometry is
done in elliptical apertures the shape and size of which is fixed from the K-band image
of each object.

The completeness function of this K-band selected catalogue was determined by
running extensive Monte-Carlo simulations with artificial objects (Snigula et al. 2002).
The limiting magnitudes of the survey are summarised in Table 2.1. The final K ′-
selected photometric catalogue contains about 8000 objects (Feulner 2000, Drory
2002).
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Table 2.3: Observing runs and calibration for the MUNICS B-band observations.

Date Fields NB kB
9.1.2002 S5F1 24.03±0.05 −0.25±0.03
10.1.2002 S2F1, S3F1, S3F5, S5F5 23.90±0.05 −0.25±0.03
11.1.2002 S2F5, S4F1, S6F1, S6F5 24.03±0.04 −0.27±0.03
9.6.2002 S6F1, S7F5 24.40±0.01 −0.35
10.6.2002 S6F1, S7F5 24.40±0.07 −0.34±0.04

2.3 MUNICS B-Band Imaging

While the original MUNICS catalogue contained photometry in the K ′, J, I, R and V
bands, we decided to do complementary observations in the B filter for all MUNICS
mosaic fields. Adding more information about the blue part of the spectrum has two
advantages: Firstly, the photometric redshifts (Baum 1962, Koo 1985, Bender et al.
2001) which are used for the bulk of the objects in the survey catalogue reach higher
accuracy with more available filters. This is especially true for objects at low redshifts,
where the V filter is insufficient in tracing prominent breaks in the spectral continuum.
The use of photometric redshifts in MUNICS is described in detail in Drory (2002)
and Drory et al. (2003, hereafter MUNICS II). Secondly, at redshifts z >∼ 0.5 or so the
flux in the B band traces the ultraviolet part of the objects’ spectral energy distribution
and thus can be used to estimate the star formation rate of MUNICS galaxies.

B-band observations of the MUNICS mosaic fields were carried out 9 and 11 Jan-
uary 2002 and 8-10 June 2002 with the Calar Alto Faint Object Spectrograph (CAFOS)
focal reducer at the 2.2-m telescope at Calar Alto Observatory (Spain).

The data were reduced in a fairly standard manner using IRAF2 (Tody 1986, 1993),
except for cosmic ray cleaning. The B-band data reduction is very similar to the anal-
ysis of the other optical data in MUNICS, described in Feulner (2000) and Drory et al.
(2001b). The frames were bias/over-scan corrected and then flat-fielded using a com-
bination of dome flats and sky flats.

Cosmic ray events were identified by searching for narrow local maxima in the
image and fitting a bivariate rotated Gaussian to each maximum. A locally deviant
pixel is then replaced by the mean value of the surrounding pixels if the Gaussian
obeys appropriate flux ratio and sharpness criteria Gössl & Riffeser (2002). Such
a procedure is much more expensive in terms of computing time (roughly 10 CPU
minutes per frame) compared to standard median filtering techniques, but is much
more reliable in finding cosmic ray events in the wings of objects and in cleaning long
cosmic ray trails.

The re-imaging system of CAFOS causes substantial radial distortion of the image
which had to be dealt with before co-adding the offset images. Therefore the frames

2 IRAF, the Image Reduction and Analysis Facility, is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc,
under cooperative agreement with the National Science Foundation.
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were rectified using the known distortion equation, a polynomial of fourth order in the
distance from the optical axis (K. Meisenheimer, private communication).
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Figure 2.2: Galaxy number counts in the MUNICS B-band images compared to litera-
ture data. No correction for incompleteness has been applied. The published data were
taken from a compilation of N. Metcalfe (private communication).

If necessary, variations in the background intensity across the frames caused by
scattered light were fitted and subtracted in each individual frame. The images were
then corrected for atmospheric extinction and scaled to a common photometric zero-
point before finally being added using the positions of ∼ 15 bright objects for determi-
nation of the offsets between the individual frames.

During photometric nights, photometric standard stars were observed (Landolt
1992). For each field, a photometric zero point and the atmospheric extinction were
determined. The extinction coefficients were usually consistent with a Rayleigh atmo-
sphere, with a few nights showing higher extinction, albeit within the variations typical
for Calar Alto.

The B images of each field were registered against the K ′-band image by matching
the positions of ∼ 200 bright homogeneously distributed objects in the frames and de-
termining the coordinate transform from the K ′-band system to each image in the other
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four pass-bands using the tasks XYXYMATCH and GEOMAP within IRAF. The scatter
in the determined solutions is less than 0.2 pixels RMS. Note that the frames them-
selves are not transformed. We only determine accurate transformations and apply
these later to the apertures in the photometry process.

To show the quality of the B-band data for the MUNICS project we compare the
galaxy number counts, i.e. the surface density of galaxies per magnitude bin, to pub-
lished number counts (see Figure 2.2). Stars have been excluded based on their spec-
tral energy distributions (see 7.3 for details). Note that the number counts shown in
the Figure are not corrected for incompleteness at fainter magnitudes.

Clearly, the MUNICS B-band observations are reasonably complete to B ∼ 24.
It also nicely illustrates the scope of the survey: While there are surveys with much
larger field which are able to find large numbers of bright (low redshift) galaxies, and
the classic deep fields which probe the very faint (and very high redshift) galaxy popu-
lation, MUNICS constitutes an important probe of the intermediate-redshift universe.

Furthermore, in Figure 7.1 we show the completeness functions for the B-band
images of the ten MUNICS mosaic fields, based on Monte-Carlo simulations of artifi-
cial point-sources placed at random in the images. After running the object detection
algorithm on the images, the fraction of re-detected artificial objects as a function of
magnitude is computed. This is the quantity shown in the Figure. It is obvious that the
data quality is very good and homogeneous over all ten MUNICS fields.

2.4 MUNICS-Deep

We have recently started to extend MUNICS to higher redshift. This new project,
called MUNICS-Deep, will image one square degree to a depth two magnitudes fainter
than MUNICS. While MUNICS is limited to studying galaxy evolution at z <∼ 1.2, the
new dataset will allow to probe the changes in the field galaxy population in the im-
portant redshift range 1 <∼ z <∼ 2, thus building a bridge between medium-deep surveys
and the regime of the Lyman-break galaxies (see Section 1.2 for an overview). Ob-
servations for MUNICS-Deep are still in progress, but promise exiting new results in
observational cosmology.



Chapter 3

A Near-Infrared–Selected Galaxy
Redshift Survey: Design and
Observations

The main scientific results of my PhD thesis rely on a near-infrared selected spectro-
scopic redshift survey. This chapter describes how the targets for spectroscopy were
selected and how the observations were carried out.

3.1 Selection of the Spectroscopic Sample

Objects for spectroscopic observations were chosen from the K-band selected photo-
metric catalogue of MUNICS in ten survey fields, the details of which can be found in
Table 2.2 (see Chapter 2 for a description of the field nomenclature). The K-magnitude
selected field galaxy spectroscopy programme was carried out in the fields S2F1, S2F5,
S5F1, S6F5 and S7F5, while the spectra available in the other fields originate from a
dedicated search for faint red AGN.

Object selection for spectroscopy was based on two criteria. Firstly, we aimed at
a K-band magnitude-limited sample. Due to the use of optical spectrographs, the ap-
propriate K-band limit is determined by the typical colours of red galaxies (roughly
R−K ' 4, see Figures 5.4 and 5.5) and the limits of the optical spectrographs at the
telescopes we used. Trying to keep the K-band completeness of the spectroscopic sam-
ple as high as possible yields sample limits of K ≤ 17.5 for spectroscopic observations
at the Calar Alto 3.5-m telescope and K <∼ 19.0 for observations at the Very Large
Telescope (VLT). Obviously, a small fraction of very red objects will be lost, but their
number density is comparatively small anyway (see, for instance, Martini (2001) and
references therein). Results on the few very red objects identified spectroscopically
can be found in Section 5.8.

Secondly, in selecting objects for spectroscopy, we have tried to exclude stars. This
was done using the image-based classification of objects into point-like objects and ex-
tended sources as described in MUNICS I. For the classification the point-spread func-
tion (PSF) for each image and each filter is determined. Then the intensity distribution
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Table 3.1: Summary of results of the test of the image-based classification method for
a sample of objects with K ′ ≤ 16.5 in two survey fields (upper part of table) and for
the whole spectroscopic sample (lower part of table). The numbers quoted in the table
give the number and fraction of objects with stellar or galactic spectrum among objects
classified as point-like or extended, respectively.

Morphological classification Spectral classification
Star Galaxy

Sparse sample with K ′ ≤ 16.5:
Point-like 39 100 per cent 0 0 per cent
Extended 11 20 per cent 44 80 per cent
Complete spectroscopic sample:
Point-like 64 79 per cent 17 21 per cent
Extended 28 7 per cent 397 93 per cent

of every object in the images is compared to the PSF, and the objects are classified
into stars (PSF-like sources) and galaxies (extended sources). Finally, this classifica-
tion information, which is available for all objects in all six filters, is weighted by the
signal-to-noise ratio of the object in each filter, and the final classification is done.

To test this classification procedure, we have built up a small spectroscopic test
sample of bright objects which was purely magnitude selected and therefore contains
both stars and galaxies. The results of the comparison between image-based and spec-
troscopic classification show that our morphological approach is able to distinguish
stars and galaxies with reasonable reliability. The results of this test are summarised
in Table 3.1.

On a purely magnitude-limited sample containing all objects with K ′ ≤ 16.5, all
objects classified as point-like are indeed stars, and the stellar contamination is 20 per
cent only. On the other hand, we can also use the complete spectroscopic catalogue to
investigate the reliability of our classification method, yielding also very good agree-
ment between spectral and morphological classification.

Thus our method to classify objects into point-like or extended sources can reliably
reduce stellar contamination of the spectroscopic catalogue as long as the objects are
not too faint. Pre-selecting our spectroscopic sample by image morphology results in
a loss of less than 4 per cent of all galaxies which are classified as point-like, and in a
7 per cent contamination by stars.

The quality of the classification procedure is also demonstrated in Figure 3.1,
where one can see that the vast majority of all objects on the stellar sequence are
indeed classified as point-like. In Chapter 5 we will show that the fraction of stars in
our spectroscopic sample is indeed much lower than in comparable surveys.
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Figure 3.1: Illustration of resulting object classification in point-like (filled symbols)
and extended sources (open symbols). Left-hand panel: The locus of objects in the
J−K vs. K diagram for two MUNICS mosaic fields. The sequence of stars at J−K ' 1
indeed contains mostly point-like sources. Right-hand panel: A comparison of the
morphological classification to a χ 2 criterion based on fitting template spectral energy
distributions of stars and galaxies to the broad-band photometry of the objects in the
MUNICS field S2F1. Again, the agreement is very good.

3.2 Spectroscopic Observations

The largest part of the spectroscopic observations was carried out with the Multi–
Object Spectrograph for Calar Alto (MOSCA) at the 3.5-m telescope at Calar Alto Ob-
servatory1 (Spain), and with FOcal Reducer and low-dispersion Spectrograph (FORS)
1 and 2 (Seifert et al. 1994) at the European Southern Observatory’s Very Large Tele-
scope (VLT)2. Part of the sample was observed with the Low Resolution Spectrograph3

(LRS; Hill et al. 1998) at the Hobby-Eberly Telescope (HET) at McDonald Observa-
tory, Texas, and with ESO Faint Object Spectrograph and Camera (EFOSC) 2 at the
ESO 3.6-m telescope on La Silla (Chile). All observing runs are listed in Table 3.2.

MOSCA was used with the Green 500 grism4 and without any filter. MOSCA’s
multi-object spectroscopy mode uses slit masks containing typically 20–25 slits of 1.5-
arc-sec width. MOSCA is equipped with a 2048×4096 pixel CCD with 15-µm pixel

1The German-Spanish Astronomical Center at Calar Alto is operated by the Max-Planck-Institut für
Astronomie, Heidelberg, jointly with the Spanish National Commission for Astronomy.

2ESO proposals number 66.A-0129 and 66.A-0123.
3The Marcario Low Resolution Spectrograph is a joint project of the Hobby-Eberly Telescope part-

nership and the Instituto de Astronomía de la Universidad Nacional Autónoma de México, and was partly
funded by the Deutsche Forschungsgemeinschaft, grant number Be 1091/9–1. The Hobby-Eberly Tele-
scope is operated by McDonald Observatory on behalf of The University of Texas at Austin, the Penn-
sylvania State University, Stanford University, Ludwig-Maximilians-Universität München, and Georg-
August-Universität Göttingen.

4A “grism” is, as the name might suggest, a combination of a prism and a grating. The purpose of the
device is to keep light of a certain central wavelength undeviated as it passes through the grism.
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Table 3.2: Observing runs of spectroscopic follow-up observations for the MUNICS
project. The runs in 2002 were mostly carried out in service mode.

Date Telescope Instrument Comment
15.12.1999 ESO 3.6 EFOSC2
26.–31.5.2000 Calar Alto 3.5 MOSCA
27.5.2000 HET LRS
21.11.2000 VLT UT1 (Antu) FORS1
21.–22.11.2000 VLT UT2 (Kueyen) FORS2
24.–28.11.2000 Calar Alto 3.5 MOSCA
17.–20.1.2001 Calar Alto 3.5 MOSCA
26.3.–1.4..2001 Calar Alto 3.5 MOSCA
18.–21.5.2001 Calar Alto 3.5 MOSCA
15.–20.12.2001 Calar Alto 3.5 MOSCA
9.–12.4.2002 Calar Alto 3.5 MOSCA MUNICS-AGN
9.–17.5.2002 Calar Alto 3.5 MOSCA
7.10.2002 Calar Alto 3.5 MOSCA
4.-5.11.2002 Calar Alto 3.5 MOSCA MUNICS-AGN
9.–10.11.2002 Calar Alto 3.5 MOSCA
18./23./26.2.2003 HET LRS Cluster S6F1c11

size, yielding an effective area of 10 × 10 arcmin2 usable for spectroscopy.
At the VLT, FORS1 offers 19 movable slit-lets, whereas FORS2 is equipped with a

Mask Exchange Unit (MXU), which allows spectroscopy of a larger number of objects.
For both instruments a slit width of 1 arc-sec was chosen. The CCD detectors are
2048×2048 pixel in size with 24-µm pixels, thus allowing a field of roughly 3 × 7
arcmin2 to be used for spectroscopy. Grism 300 I and filter OG590 were used for the
observations

In multi-object spectroscopy mode, the LRS at HET provides 13 slit-lets of 1.5-
arc-sec width. The spectra were obtained through grism 300 and filter GG385.

Finally, EFOSC2 at the ESO 3.6-m telescope was equipped with grism 11 and a
slit-width of 1.0 arc-sec. The technical characteristics of all instruments used for the
spectroscopic observations are summarised in Table 3.3.

The objects selected for spectroscopy were sorted into bins according to their ap-
parent R-band magnitude. The magnitude ranges, the typical number of mask setups
for each MUNICS field (13× 13 arcmin2), and the exposure times are given in Ta-
ble 3.4. All objects with R≤ 21.5 (roughly corresponding to K ′ ≤ 17.5) were observed
at the Calar Alto 3.5-m telescope, the ESO 3.6-m telescope, and the HET, whereas
spectroscopy of the fainter sample was carried out at the ESO VLT.
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Table 3.3: Technical characteristics of the spectrographs used for the observations. The
effective resolution of the resulting spectra is given for the grisms listed in the table and
the appropriate slit-widths mentioned in the text (the seeing during the spectroscopic
observations always was of the order of the slit-width).

Instrument Grism & Filter Spectral range Resolution
(Å) (Å)

MOSCA Green 500 4300–8000 13.6
EFOSC2 G11 3380–7520 13.2
LRS G300 + GG385 4000–8000 13.9
FORS1 G300I + OG590 6000–9500 13.0
FORS2 G300I + OG590 6000–9500 13.0

Table 3.4: R-band magnitude bins, typical number of masks per MUNICS field, and
exposure times for the spectroscopic observations. Note that the faintest objects with
R > 21.5 were observed at the ESO VLT, while all brighter objects were mainly ob-
served at the 3.5-m telescope at Calar Alto, a few also at the ESO 3.6-m telescope, or
at the HET.

Magnitude Number Exposure time
of masks

R ≤ 18.5 1 1×1800 s
18.5 < R ≤ 19.5 2 2×2100 s
19.5 < R ≤ 20.5 3 5×2400 s
19.5 < R ≤ 21.5 4 5×5400 s
R > 21.5 9 3×3000 s
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Chapter 4

Analysing Multi-Object
Spectroscopy Data

The spectroscopic data for the redshift survey described in this thesis have to be treated
in several ways before analysis. This ‘data reduction’ includes, for example, the sub-
traction of electronic noise, and the correction of sensitivity variations across the de-
tector. Since these are crucial steps on the way to the final spectra, I will give a detailed
account of the data reduction process in this chapter.

4.1 Motivation

Multi-object spectroscopy (MOS) is an efficient way of obtaining spectra for several
objects at the same time. There are basically three different ways of doing this tech-
nically: with masks having slits cut into them at the place of the objects, with moving
‘slit-lets’, or with optical fibres. All spectra taken for the MUNICS redshift survey
used either mask or slit-let spectroscopy. The astronomer who has to extract one-
dimensional spectra from this kind of data faces several problems. Firstly, the mere
number of spectra which have to be extracted from the two-dimensional frame. Sec-
ondly, the optics of the spectrograph bends the spectra, resulting in curved object spec-
tra on the detector. Thirdly, the slits in MOS spectra are usually much shorter than in
‘long-slit’ spectroscopy, so special care has to be taken to ensure accurate subtraction
of the night-sky emission. Some of the reduction steps can be done in an automatic
manner, but many require interactive control, making the whole MOS data reduction
process rather time-consuming.

This Chapter will describe the reduction of MOS data taken for the MUNICS red-
shift survey. Since no data for this project were taken with fibre spectrographs, the
reduction procedure outlined in this Chapter does not apply to this kind of data. A spe-
cialised reduction software was developed. This ‘pipeline’ is based on IRAF1 (Tody
1986, 1993) and makes use of standard IRAF reduction tools from the CCDRED and

1 IRAF, the Image Reduction and Analysis Facility, is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc,
under cooperative agreement with the National Science Foundation.
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SPECRED packages, but a number of additional tasks had to be developed within the
IRAF Command Language (CL; Anderson 1989) environment for special problems
like header correction, two-dimensional sky subtraction etc. Also, the pipeline was
carefully designed to record all reduction steps and parameters to log files to make it
easier for the user to trace potential problems. Another important part of the pipeline
are applications to quickly control the quality of essential reduction steps like, for in-
stance, the subtraction of the night-sky emission lines.

Since the reduction of MOS data is technically challenging, and since only very
few detailed descriptions for MOS data reduction are available, I intend this chapter to
serve as a guide to MOS data reduction for interested observers. Naturally, it is a rather
technical chapter, so all readers interested in the scientific application of the MUNICS
near-infrared selected redshift survey are advised to continue reading with Chapter 5.

4.2 Basic Data Reduction

4.2.1 Bias Correction and Cosmic-Ray Filtering

Data reduction was performed using IRAF, except for cosmic ray filtering. The data
were obtained using charged-coupled devices (CCDs) as detectors, so firstly, a stan-
dard CCD reduction was performed within the IRAF CCDRED package (see Howell
2000 for technical details on CCDs and the basic principles of CCD reduction, and
Massey 1997 for a guide to CCD reduction with IRAF).

To measure the two-dimensional noise pattern on the CCD, a number of ‘bias
frames’, exposures with zero integration time, were taken and combined using ZERO-
COMBINE. During visitor-mode observing runs, bias frames were taken on a daily
basis. The bias pattern proved to be very stable, so that bias frames from different
nights could be combined to achieve better statistics. The mean level and RMS of
all bias frames was checked, and low and high pixels were rejected during the com-
bining process. Note that the mean level of the bias frames was subtracted using the
information from the ‘over-scan region’ yielding just the two-dimensional variations
of the noise pattern with respect to the constant bias level. This bias image was then
subtracted from all images, together with the mean noise level obtained from the over-
scan region of each individual exposure in order to account for any variation of the
bias level with temperature or time.

Bad pixels on the CCDs were corrected for by linear interpolation, and cosmic
rays were identified by searching for narrow local maxima in the image and fitting a
bivariate rotated Gaussian to each maximum. A locally deviant pixel is then replaced
by the mean value of the surrounding pixels if the Gaussian obeys appropriate flux ratio
and sharpness criteria (Gössl & Riffeser 2002). Note that this is a very time-consuming
method, but produces excellent results. Emission lines on the galaxy spectra are not
affected by this subtractions, since their width is considerably larger than the typical
width of a cosmic-ray event. Note also that we prefer to remove the cosmic rays before
the extraction of one-dimensional spectra, because the tracing of the curved spectra on
the detector is a crucial step, and too many cosmic rays pose difficulties for the tracing
algorithm, especially in case of faint objects.
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4.2.2 Shifting, Weighting and Summing (Part 1)

Usually the total exposure for each mask was split into several shorter exposures. In
many cases the objects were drifting a bit along the slits during the very long expo-
sure times of up to 7.5 hours, so the individual exposures had to be shifted in order
to make them aligned. To do this, the following method was adopted and imple-
mented in an IRAF script: The positions of several spectra on the mask were measured
by fitting Gaussian profiles perpendicular to the dispersion direction. Because of the
curved spectra these positions have to be measured at the same position for each two-
dimensional image. From the centres of the Gaussians the pixel shift was computed
together with the RMS of the measurement for quality control. The two-dimensional
images were then shifted with sub-pixel accuracy.

Before adding the individual images, optimum weights were computed from the
signal of the spectra, their width (corresponding to the seeing for compact sources),
and the sky background. The weighting scheme maximises the signal-to-noise ratio
(SNR) for the faint objects (A. Gabasch, private communication; Heidt et al. 2003).
Finally, after applying the weights, the two-dimensional images were added to a first
image of the mask containing the information from all exposures.

4.3 MOS Reduction

4.3.1 Treatment of Tilted Slits

As described in Section s:specobs, part of the spectra were taken using the FORS2
instrument at the VLT. The mask preparation software for FORS2 allows to tilt slits
in order to maximise the light received by the spectrograph. For elongated objects we
have tried to align the slit along the major axis of the galaxies to reduce light loss at
the mask.

While this procedure has some advantages, it does make MOS reduction a bit more
complicated. In principle there are different ways of dealing with this, but to enable
data reduction within the IRAF SPECRED package, we decided to rectify the spectra
by rotating them in the two-dimensional image. For this purpose, I designed an IRAF

programme which cuts out the appropriate slit section on the two-dimensional frame
and rotates it according to the tilt angle given in the image header. After this correction,
all slits were perfectly aligned and could be treated in the same manner.

4.3.2 Defining and Tracing the Spectra

The following reduction of the spectra was performed within the IRAF SPECRED pack-
age. The locations of the spectra on the two-dimensional image were defined at a given
position along the dispersion axis (using APEDIT), and the spectra were followed us-
ing the APTRACE task. This task steps along the dispersion direction and determines
the position of the spectrum at each position by fitting a Gaussian perpendicular to the
dispersion direction (Ellingson 1989). To ensure accurate tracing also for faint objects,
we took the sum of 50 pixels along the dispersion to construct the profile. Then the
trace of the spectra produced by the distortion of the spectrograph was approximated
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Figure 4.1: Left-hand panel: Typical slit illumination function of the MOSCA spectro-
graph with the Green 500 grism extracted from a continuum-lamp flat-field. The blue
curve shows the illumination along the dispersion axis, and the red curve the fitted
illumination function as described in the text. The right-hand panel shows an enlarged
part of the curve, making the difference between the pixel-to-pixel variations (blue
curve) and the smoothed illumination function (red curve) obvious.

by a fourth-order Legendre polynomial. To control the quality of the tracing process,
the resulting trace functions were plotted on top of the two-dimensional image. An
example for such a test image for one single slit is shown in the uppermost panel of
Figure 4.5.

4.3.3 Flat-Fielding

Electronic detectors like the Charge-Coupled Devices (CCDs) used in optical astron-
omy show pixel-to-pixel variation of the detector sensitivity. For normal astronom-
ical imaging this can be corrected using ‘flat-field’ images, normalised exposures of
a uniformly lit surface, usually either the twilight sky or an appropriate screen in the
telescope dome illuminated by an electric lamp. For spectroscopy, the detector records
spectral information along one axis, so an internal continuum lamp within the spec-
trograph can be used as a source of uniform light. For this survey, flat-fields were
constructed from typically 11. . . 21 images of an internal continuum lamp. Dome flat-
fields taken for comparison showed no marked difference to these continuum flats.
The flat-fields were normalised by dividing the flat field of each slit by its ‘illumi-
nation function’. The illumination function is computed by fitting a set of 3rd-order
splines to the pixel rows along the dispersion direction for each slit using the APNOR-
MALIZE task. The number of spline pieces must not be too small in order to follow the
illumination function properly, but not too large either in order not to follow the pixel-
to-pixel sensitivity variations. The situation is illustrated in Figure 4.1, where we show
a cut along the dispersion direction for one slit for the MOSCA spectrograph with the
Green 500 grism (blue curve) and the corresponding illumination function (red curve).
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Figure 4.2: This figure shows how the apertures for the extraction of one-dimensional
spectra were defined. The thin black line shows a typical profile of a spectrum across
the slit. The flux is given in normalised units, the pixel coordinates are relative to the
object position. The dashed lines and the thick part of the profile indicate the aperture
used for profile fitting and object extraction, whereas the dotted lines show the sky
apertures. The approximation of the sky background is also shown.

4.3.4 Shifting, Weighting and Summing (Part 2)

After dividing the individual un-shifted and un-weighted images by the normalised
flat-field image (of course the pixel-to-pixel variations have to be corrected in the
un-shifted images!), the flat-fielded images were shifted again with the pixel offsets
recorded during the first shifting process, the weights were applied, and these images
were summed to the final two-dimensional image of the mask.

4.3.5 Extraction of the One-Dimensional Spectra

After dividing the frames by the appropriate flat-field, the apertures for extracting one-
dimensional spectra from the two-dimensional images as well as the apertures for sub-
traction of the night sky were defined. This was done manually in the APEDIT task
for each object to ensure maximum signal-to-noise ratio and accurate sky subtraction.
The extraction aperture was confined by the points where the profile of the spectrum
perpendicular to the dispersion axis reaches the 10 per cent level. This particular value
was chosen after extensive tests with different aperture widths. If possible, sky aper-
tures on both sides of each object were used for the sky subtraction, and the variation
of the night sky perpendicular to the spectrum of each object was approximated by
a polynomial of second order. Note that we used lower-order polynomials in cases
where there were only few pixels to define the sky region in order to prevent artefacts
due to ill-defined approximations. Figure 4.2 illustrates the definition of extraction and
sky-subtraction apertures.

After that the one-dimensional spectra were extracted by summing the pixel values
for each wavelength bin within the manually defined apertures and subtracting the
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appropriately scaled sky value from the fit perpendicular to the spectrum. Profile-
weighted sums were used to maximise the signal-to-noise ratio (Horne 1986, Marsh
1989).

Additionally we produced two-dimensional sky-subtracted images to be able to
check whether a feature seen in the one-dimensional spectrum is a real spectral feature
or a residual, for example from the replacement of cosmic ray events or the subtraction
of sky-lines. Note that check images like these are of paramount importance for quality
control. Since the IRAF SPECRED package does not offer this possibility, a task had to
be written which parses the appropriate IRAF database file containing the aperture def-
initions, extracts the important information and finally computes the two-dimensional
sky-subtracted image in a way very similar to the one done during the actual extraction
process. An example of one slit in a this kind of image is presented in Figure 4.5.

4.3.6 Wavelength Calibration

In the case of the MOSCA, EFOSC2 and LRS observations, spectra of internal lamps
were used for wavelength calibration. Figure 4.3 shows as an example the spectrum
of the Hg-Ar-Ne lamp in the MOSCA spectrograph. After identifying typically 10
lines in the calibration lamp spectra, the remaining lines were identified automatically
using IDENTIFY, and the wavelength transformation was computed in form of a fourth
order polynomial. The typical residuals from this approximation were of the order
of 0.3Å. Then the one-dimensional spectra were transformed to wavelength coordi-
nates and re-binned using the appropriate resolution using the DISPCOR task. Note
that we usually took only one wavelength calibration image per mask, either between
two mask exposures or after finishing all mask exposures. Nevertheless, this does not
affect the wavelength calibration, since the maximum shift of the spectral pattern of a
calibration lamp, caused by the flexure of the instrument, was measured to be 1 pixel
for MOSCA between two extreme orientations of the spectrograph. According to the
manuals, the flexure of the other instruments should have a similar order of magni-
tude. Also, the accuracy of the wavelength calibration can be efficiently examined
by measuring the positions of night-sky emission lines, and the comparison showed
negligible deviations. The influence on the redshift determination will be discussed
in Section 5.4. For the FORS data we used the lines of the night sky for the wave-
length calibration, with the line data taken from Osterbrock et al. (1996, 1997), since
the calibration frames taken with internal lamps were either over-exposed, or the lines
did not cover the whole wavelength range. With night-sky emission lines there is the
problem of line-broadening or mis-identification of lines (especially since many lines
are actually doublets!), but the accuracy is still higher than the one which could be
reached by using partly saturated lines or by extrapolation the wavelength solution
over a large range in wavelength. The RMS of the night-sky emission line fits was
of the order of 0.5Å, slightly larger than with internal calibration lamps, but still very
good. Moreover, for some objects we had independent measurements with MOSCA
(where we could use internal lamps), and the agreement turned out to be very good,
with no apparent systematics (see Section 5.4).
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Figure 4.3: Wavelength calibration lamp spectrum as produced by the Hg-Ar-Ne lamp
in the MOSCA spectrograph.

4.3.7 Flux calibration

Finally, the spectra were flux calibrated using spectro-photometric standard stars ob-
served during each night. Both the relative flux calibration correction for the response
function of the spectrograph and the absolute flux calibration to convert instrumental
flux units to physical flux units were applied. The standard stars’ one-dimensional
spectrum, reduced in much the same way as outlined for the MOS data, was compared
to the tabulated spectrum using the task STANDARD. From this, the ‘sensitivity func-
tion’ of the spectrograph was computed using SENSFUNC, and the flux calibration was
applied (CALIBRATE). Extinction correction was based on average extinction curves
either as published by the observatories (ESO for La Silla and Paranal Observatory,
and McDonald Observatory) or by Hopp & Fernández (2002) for the Calar Alto ob-
servations. The accuracy of the flux calibration was tested by comparing the flux in
individual broad-band photometry filters to the flux in the flux-calibrated spectrum.
Figure 4.4 shows an example for this method. Clearly, the flux calibration is very
good, with deviations visible only at the ends of the spectral range of the instrument,
where the corrections due to the response function of the grism become large. Note
that we do not apply corrections for light loss at the slit edges.

4.3.8 Redshift Determination

Redshifts were determined using the RV package within IRAF. Prominent absorption
and emission features were identified in the spectra to obtain the corresponding red-
shift of a galaxy using the RVIDLINES tasks. The exact position of the lines is deter-
mined by fitting a Gaussian profile to the features.2 We compared the one-dimensional
spectrum with the two-dimensional sky-subtracted image to exclude features possibly
affected by residuals from night-sky subtraction or cosmic filtering, see Figure 4.5 for
an example of this kind of analysis image. Furthermore we ensured that the radial
velocity displacement between different spectral features is not larger than the typical

2So far we have not applied cross-correlation techniques to determine redshifts, however we plan to
do so in the future to reduce the fraction of galaxies without secure redshift due to low signal-to-noise
ratios, although first tests show that we cannot significantly increase the number of securely measured
redshifts by using correlation methods.
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Figure 4.4: Comparison of the flux calibrated spectrum (solid line), the flux derived
from MUNICS broad-band photometry in the filters B, V , R, I, J and K (filled circles
with error bars), and a fit of a stellar population synthesis model to the photometric
data (dotted line) for two objects in the spectroscopic MUNICS catalogue.

error expected from the measurement of the line centre and the wavelength calibration,
i.e. typically ∆z <∼ 5× 10−4. There were no significant differences observed between
emission and absorption features, however, emission lines are usually much narrower
and better defined than absorption lines yielding more precise redshift determination.
For later control and object class selection all features identified in the spectra and used
for the radial velocity measurement were recorded in the spectroscopic catalogue.

The measured redshifts were converted to heliocentric coordinates using the date
of the observations and the observatory coordinates, but no corrections for the Sun’s
motion in the Milky Way was applied.

4.4 Catalogue Construction

The identification of the spectra with objects in the photometric catalogue is usually
done using the files used to prepare the spectroscopic observations. During the def-
inition of apertures for the trace the relative position of the spectrum in the slit is
compared to a diagram showing the mask to ensure that the spectrum indeed corre-
sponds to the desired object. In the case of additional objects on the slits, these are
identified by measuring their distance to the main object in the slit and searching the
photometric catalogue at the corresponding position.

All information is first entered into a mask-based catalogue. This catalogue is
then processed by a script which produces the final catalogue sorted by right ascen-
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Figure 4.5: Example of an analysis plot used to control the quality of the reduction
pipeline. The first and second panel show the region of the slit and its dispersion in
the two-dimensional sky-subtracted image. Clearly, the sky subtraction is very good,
only a few residuals from very strong lines are visible (e.g. the residual of the OI line
at λ = 5577Å). Additionally, the first panel shows the trace of the spectrum and the
aperture limits for the extraction and sky-subtraction apertures. The extracted object
spectrum and the sky spectrum are shown in the third and fourth panel, respectively.
Note the difference in the flux scale for the last two panels, illustrating the importance
of accurate subtraction of the night-sky lines which are much brighter than the object
spectrum itself.

sion. During this processing, multiple observations are identified, and for each object
with multiple spectroscopic observation the one with highest quality is identified and
written to the final catalogue. All multiple observations are recorded in a special cat-
alogue which can be used to check the agreement of these repeated observations (see
Section 5.4).

The final spectroscopic catalogue contains the celestial coordinates, the pixel coor-
dinates form the photometric catalogue, the instrumental identification (mask and slit
number), the measured redshift, the object classification based on the observed spec-
trum (galaxy, AGN, star, or unidentified object), a confidence class for the redshift
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Table 4.1: Description of the confidence classes for the redshift measurement used in
the final spectroscopic catalogue.

Class Description
1 Many spectral features securely identified, very high SNR
2 Many spectral features securely identified, high SNR
3 Many spectral features securely identified, intermediate SNR
4 Several spectral features identified, lower SNR
5 Tentative identification of only a few lines or single emission line, low

SNR
6 no redshift measured (very low SNR or technical problem)

determination, and a list of spectral features used for measuring the object’s redshift.
The confidence class assigned to each object ranges from “1” to “6”, where “1” means
highest confidence, and “6” means that no redshift could be determined. Descriptions
of the confidence classes can be found in Table 4.1, although these can give only a
crude impression of the meaning of the confidence classes. For all further analysis
objects with confidence classes “5” and “6” are excluded. To check the assignment of
confidence classes, we have made use of the 131 repeat observations of 63 objects de-
scribed in detail in Section 5.4. The agreement between confidence classes attributed
to the same object from different observations is in general very good. Deviations can
be explained by different signal-to-noise ratios due to weather conditions or technical
reasons. Not a single object with confidence class “1” to “4” has got a deviant redshift
from a repeat observation. Typical examples for spectra and the appropriate confidence
classes are shown in Figure 4.6.
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Table 4.2: The table shows a small section of the spectroscopic catalogue with the celestial coordinates, the field name, the pixel coordinates
in the K-band image, the observational details (telescope, instrument, mask identification number and slit number), the redshift, the object
type, the confidence class, and the (truncated) list of line features used for the redshift measurement, where ‘a’ and ‘e’ indicate absorption
and emission lines, respectively, and the four-digit numbers give the approximate wavelength of the feature in Å.

α δ Field xK yK Tel. Instr. Run Mask Slit z T C Features
...

10:24:00.75 +39:43:49.2 S5F1 902.90 435.84 CA35 MOSCA 112000 5202 10 0.176 G 1 a3934a3969a4300a4341a5175a5893 . . .
10:24:01.71 +39:43:46.3 S5F1 874.72 428.94 CA35 MOSCA 112000 5301 15 0.177 G 1 e3727a3934a3969a4300e4341e4861. . .
10:24:02.22 +39:48:00.3 S5F1 871.26 1070.67 CA35 MOSCA 112000 5202 06 0.000 S 1 a
10:24:04.30 +39:48:30.8 S5F1 812.14 1148.69 CA35 MOSCA 122001 5402 12 0.351 G 1 e3727a3934a3969e4341e4861e4959. . .
10:24:04.74 +39:48:23.9 S5F1 798.89 1131.42 CA35 MOSCA 112000 5201 04 0.199 G 1 a3934a3969a4300a4341a4861a5175. . .
10:24:05.17 +39:45:57.9 S5F1 779.94 762.94 CA35 MOSCA 112000 5301 11 0.054 G 1 e4341e4861e4959e5007e6563e6717
10:24:05.95 +39:44:53.4 S5F1 754.38 600.48 CA35 MOSCA 112000 5201 08 0.175 G 3 a3934a3969a4341a4861a5893
10:24:06.07 +39:52:53.8 S5F1 772.57 1813.46 CA35 MOSCA 112000 5301 01 0.281 G 3 e3727a3934a3969a4300a4341a5893. . .
10:24:06.32 +39:45:04.4 S5F1 743.99 628.54 CA35 MOSCA 012001 5401 15 0.174 G 2 a3934a3969a4300a4861e5007a5175
10:24:06.60 +39:52:19.6 S5F1 755.57 1727.54 CA35 MOSCA 122001 5402 20 0.584 G 4 e3727a3934a3969a4300a4341a5175
10:24:06.84 +39:51:12.5 S5F1 745.57 1558.29 CA35 MOSCA 012001 5401 02 0.701 G 2 a3934a3969a4300a4341a4861a5175
10:24:07.99 +39:52:10.4 S5F1 714.64 1704.94 CA35 MOSCA 112000 5202 03 0.123 G 3 a3934a3969e4861a5175a6563a6583. . .
10:24:08.17 +39:46:15.2 S5F1 693.39 808.18 CA35 MOSCA 112000 5201 06 0.157 G 1 e3727a3934a3969e4341e4861e5007. . .
10:24:08.70 +39:49:40.4 S5F1 687.33 1326.60 CA35 MOSCA 012001 5401 05 0.473 G 2 e3727a3934a3969a4300e4861e5007
10:24:08.78 +39:49:59.3 S5F1 685.69 1374.42 CA35 MOSCA 112000 5301 06 0.474 G 1 e3727a3934a3969a4300a4341a4861. . .
10:24:08.95 +39:41:50.2 S5F1 658.53 139.46 CA35 MOSCA 112000 5201 12 0.263 G 1 e3727a3934a3969a4300e4861e5007. . .
10:24:09.72 +39:49:58.3 S5F1 658.35 1372.21 CA35 MOSCA 112002 5181 07 9.999 G 6 a
10:24:09.81 +39:53:09.4 S5F1 664.52 1854.85 CA35 MOSCA 112000 5202 01 0.153 G 2 e3727a3934a3969a4300a4341e5007. . .
10:24:10.18 +39:52:22.1 S5F1 651.63 1735.68 CA35 MOSCA 112000 5301 02 0.306 G 1 a3934a3969a4300a5175a5893a6563
10:24:10.22 +39:44:22.7 S5F1 628.65 525.02 CA35 MOSCA 012001 5401 17 0.217 G 1 e3727a3934a3969a4300e4341e4861. . .
10:24:12.63 +39:41:47.0 S5F1 551.26 133.09 CA35 MOSCA 012001 5401 24 0.027 G 4 e5007e6563
10:24:12.74 +39:45:20.7 S5F1 557.88 672.86 CA35 MOSCA 112000 5201 07 0.280 G 1 e3727a3934a3969a4300e4341e4861. . .
10:24:13.31 +39:44:08.3 S5F1 537.89 490.36 CA35 MOSCA 112002 5181 18 9.999 G 6 a
10:24:13.45 +39:47:37.6 S5F1 543.50 1018.90 CA35 MOSCA 012001 5401 09 0.469 G 2 e3727a3934a3969a4861a5175a5893

...
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Figure 4.6: Examples for the assignment of confidence classes, ranging from “1” (up-
per left-hand panel) to “6” (lower right-hand panel). The numbers in square brackets
denote the internal identification number of the object.



Chapter 5

The Spectroscopic Catalogue and
its Properties

This Chapter discusses the characteristics of the spectroscopic catalogue, like the num-
ber of objects, their classification, the colour and redshift distributions, the complete-
ness function, the redshift distribution and the error budget for the redshift measure-
ments.

5.1 Number of Spectra and Object Classes

The final catalogue contains 1051 objects, 738 (or 70.2 per cent) of which could be
successfully classified. Out of these 738 objects, 610 (or 82.7 per cent) are galaxies, 17
(2.3 per cent) are active galactic nuclei, and 111 (15.0 per cent) are stars. 328 objects
remain unidentified due to bad quality of the spectra or a lack of prominent spectral
features in the wavelength range covered by the spectra. Redshifts could be determined
for 627 objects (confidence classes 1 to 4). The number of successfully classified
galaxies, AGN and stars for all the fields are to be found in Table 5.1. It is obvious from
these numbers that the K-band selected spectroscopic catalogue described here has a
similar sample size as the I-band selected Canada–France Redshift Survey (CFRS;
Lilly et al. 1995b) which provided important information on the evolution of galaxies.
The MUNICS redshift survey is as large as the CFRS, but has all the advantages of
K-band selection outlined in previous chapters.

The stellar content of the spectroscopic catalogue will be discussed in more detail
in Section 5.10.

5.2 Confidence Classes

The number of objects in the confidence classes described above are given in Table 5.2.
The first three confidence classes contain 57.3 per cent of all objects selected for spec-
troscopy; these objects have high-quality spectra. Redshifts could be determined for
66.6 per cent of the objects (confidence classes 1 to 4).
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Table 5.1: The ten MUNICS survey fields for which spectroscopic data are available.
The table gives the field name, the field coordinates for the equinox 2000, the limit-
ing magnitudes for the spectroscopic observations, and the number of galaxies, active
galactic nuclei, and stars with reliable spectroscopic classification in each field. The
field named S2F1 contains the sparse sample observed with the ESO VLT. For statis-
tical analysis, like the computation of the luminosity function in Chapter 6, only the
five fields with highest completeness, i.e. S2F1, S2F5, S5F1, S6F5 and S7F5 are used.
Fields for which no limiting magnitude is given were only observed in the course of
the search for red AGN and thus have only few spectra. The last line shows the num-
bers for the Canada–France Redshift Survey (CFRS; Lilly et al. 1995b). The smaller
fraction of stars in the MUNICS redshift survey is due to the pre-selection according to
the morphological classification of the objects. On the other hand, the larger fraction
of AGN is a result of the search program for faint red AGN.

Field α δ Lim. mag. Galaxies AGN Stars
(2000.0)

S2F1 03:06:41 +00:01:12 K ≤ 19.0 186 5 28
S2F5 03:06:41 −00:13:30 K ≤ 17.5 67 1 12
S3F1 09:04:38 +30:02:56 8 1 0
S3F5 09:03:44 +30:02:56 8 1 1
S4F1 03:15:00 +00:07:41 9 3 0
S5F1 10:24:01 +39:46:37 K ≤ 17.5 107 1 2
S5F5 10:25:14 +39:46:37 13 1 1
S6F1 11:55:58 +65:35:55 6 1 2
S6F5 11:57:56 +65:35:55 K ≤ 17.5 129 2 38
S7F5 13:34:44 +16:51:44 K ≤ 17.5 60 1 27
All Fields 593 17 111
CFRS 591 6 200

Note that all objects with single emission lines are to be found in confidence class
5 which contains only about 1% of all objects. Therefore we do not include a separate
analysis of this object class (as has been done, for example, for the CFRS, see Lilly
et al. 1995a), since they do not contribute significantly to our database.

5.3 Redshift Distribution

The redshift distribution of the spectroscopic sample is shown in Figure 5.1. The
histogram has the shape expected for a magnitude limited spectroscopic sample, except
for the slight excess of objects with redshifts z >∼ 0.6 which, of course, are due to the
sparse sample of faint objects observed at the VLT. The lack of objects with redshifts
from VLT spectroscopy in the range 0.5 < z < 0.6 is most likely due to the limits of
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Table 5.2: Distribution of extragalactic objects into the 6 confidence classes used in
the final spectroscopic catalogue.

Class Number Percentage
of objects

1 299 30.45
2 135 13.75
3 129 13.14
4 91 9.27
5 11 1.12
6 317 32.28

Total 982 100.00

the instruments’ spectral range. Objects with these redshifts have their 4000Å break1

around the lower end of the spectral range and the Hα line (λ ' 6563Å) around the
upper end of the spectral range. Thus redshifts of objects with low signal-to-noise ratio
may be difficult to determine due to the absence of those prominent spectral features in
the observed spectra. This kind of bias can be corrected for by looking at the fraction
of galaxies with securely determined redshift as a function of two colours, as will be
shown below.

It is also interesting to look for the signatures of large-scale structure in the redshift
distribution. Obviously, this requires that the spectroscopic catalogue in a specific field
is reasonably complete. As an example, Figure 5.2 shows the histogram of spectro-
scopic redshifts in the fields S2F1 and S6F5. In both cases peaks are clearly visible,
for S2F1 at z ' 0.11, z ' 0.24, z ' 0.36, z ' 0.42 and z ' 0.70, for S6F5 at z ' 0.25,
z ' 0.30, z ' 0.39 and z ' 0.60, with some less pronounced features in between. The
strongest feature at z ' 0.11 in the field S2F1 is due to the galaxy cluster Abell 412
at α = 03 : 03 : 42, δ = −00 : 22 : 00 (2000.0; Abell et al. 1989). The centre of the
cluster is lying well outside the MUNICS fields S2F1 and S2F5, but the cluster is very
extended and thus contaminates the foreground in this area.

A comparison of this spectroscopic peaks with the results of a cluster finding al-
gorithm using both angular coordinates and photometric redshifts (Botzler et al. 2004)
shows that basically all of the peaks correspond to groups or clusters (Botzler 2004).

5.4 Accuracy of Redshift Determination

For objects with secure redshifts, where we consider all spectral features to be cor-
rectly identified, possible sources of error in the determination of redshift are firstly a

1The spectral break at λ ∼ 4000Å is caused by the combined efforts of hydrogen Balmer-continuum
absorption in the spectra of B, A and F stars, and the Calcium II H & K absorption lines in the spectra
of F, G and K stars. As these features are caused by early and late-type stars, respectively, the relative
strength depends on a galaxy’s stellar population: star-forming galaxies have stronger Balmer breaks,
older galaxies have stronger 4000Å breaks.



56 CHAPTER 5. THE SPECTROSCOPIC CATALOGUE AND ITS PROPERTIES

0.0 0.2 0.4 0.6 0.8 1.0
 0

 20

 40

 60

 80

 100

 120

all objects
CA 3.5, ESO 3.6, HET
VLT

zspec

N
um

be
r 

of
 o

bj
ec

ts

Figure 5.1: The overall redshift distribution of all galaxies and active galactic nuclei
in the final spectroscopic catalogue (solid line), divided into objects with spectroscopy
from the Calar Alto 3.5-m telescope, the ESO 3.6-m telescope or the HET (dashed
line) and from the VLT (dotted line). Note the excess of objects at redshifts above 0.6
due to the VLT observations.

possible displacement between the object and the slit centre, secondly the error of the
wavelength calibration, and finally the error in the measurement of the line centres.

1. An offset of the object with respect to the slit centre causes an error of the red-
shift measurement. We estimate the RMS error to be 0.5′′, corresponding to an
inaccuracy of σ ' 6× 10−4 in redshift space. This value is estimated from the
accuracy of astrometry in the MUNICS catalogue (see MUNICS I), the typical
errors of mask alignment and under the reasonable assumption that errors in the
mechanical production of the masks (or in the slit-let positioning for FORS1 and
the LRS) can be neglected.

2. The random errors of the wavelength calibration, the RMS of the residuals of the
fit to the identified lines, are of the order 0.3Å, or, in redshift, σ ' 0.4× 10−4.
Compared to the other sources of error, this inaccuracy can be neglected. For
MOSCA, the maximum shift of the spectrum of the calibration lamp between
zenith and airmass 2 was measured to be 1 pixel, corresponding to a systematic
error of σ <∼ 4×10−4 in redshift.

3. Typical errors of the measurement of the line centres for the redshift determina-
tion are σ <∼ 5×10−4.

The overall limit to the accuracy estimated from these errors is σ ' 8× 10−4 in
redshift space.

We can also empirically determine the error of the redshift measurements from
multiple observation of objects. A total of 63 galaxies – about 10 per cent of the
sample – has been observed repeatedly, usually in order to fill gaps on the slit masks
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Figure 5.2: The redshift distribution of all galaxies in the MUNICS fields S2F1 (left-
hand panel) and S6F5 (right-hand panel). Peaks caused by large-scale structure along
the line of sight are clearly visible.

used for observation, thus enabling us to estimate typical errors of the redshift mea-
surement by comparing the redshifts obtained from different observations. Note that
some of these objects have been observed both with MOSCA and FORS, and some
using MOSCA and the LRS. Thus it is possible to check for any systematics between
redshift determinations with different spectrographs, and, in particular, for systematic
offsets between different means of wavelength calibration, since we used the lines of
the night sky for the FORS observations, whereas spectra from calibration lamps were
used for the other spectrographs.

The histogram of the differences of the redshifts to the mean redshift for the 131
repeated redshift measurements of 63 objects is shown in the left-hand panel of Fig-
ure 5.3. Also shown is a Gaussian approximation to the histogram having a width char-
acterised by σ ′ = 5.6×10−4, corresponding to a an RMS error of single measurements
of σ = σ ′√2 = 7.9×10−4, similar to the value we have derived from the formal error
analysis. Furthermore, we do not find any systematical differences between redshift
determinations achieved with data from different instruments or observing runs. The
right-hand panel of the same Figure shows the same comparison for 8 objects where
redshifts from other surveys is available. The data were retrieved from the NASA Ex-
tragalactic Database (NED) and originate from the Sloan Digital Sky Survey (SDSS)
Early Data Release (Stoughton et al. 2002). In this case the error distribution has a
width of σ ′ = 4.3×10−4 or σ = 6.1×10−4, close to the value expected from the error
analysis discussed above.

5.5 Colours, Magnitudes, and Redshifts

To give a feeling for the distribution of objects in magnitudes, colours, and redshifts,
we present diagrams for various combinations of these properties in Figures 5.4 and
5.5.
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Figure 5.3: Histogram of the differences of redshifts to mean redshifts for objects with
multiple spectroscopic observations (solid lines). Left-hand panel: Only for observa-
tions taken for the MUNICS redshift survey. Right-hand panel: Same as before, but
for spectra where a redshift from the SDSS Early Data Release is available. The dotted
lines show Gaussian approximations to the histograms for which σ ′ = 5.6×10−4 and
σ ′ = 4.3×10−4, respectively, corresponding to an RMS error of single measurements
of σ = 7.9×10−4 and σ = 6.1×10−4.

In Figure 5.4, we show distributions of the apparent K-, I- and B-band magnitudes
as well as the R−K colours versus redshift. The comparison of model spectral energy
distributions from a combination of empirical spectra and stellar population synthesis
models by Maraston (1998) for various Hubble types to the R−K colours of the objects
in the MUNICS spectroscopic catalogue (upper right-hand panel of Figure 5.4) shows
good agreement, although we seem to miss blue objects at higher redshifts, a fact
which must be accounted for in any analysis of this dataset.

Figure 5.5 shows the distribution of extended objects in the photometric catalogue
together with the colour distribution of galaxies with spectroscopic redshifts. Compar-
ison shows that the spectroscopic catalogue is a fair representation of the distribution
of objects in the photometric sample. Clearly, there is some incompleteness for faint
red objects, but this can be corrected for, as will be shown in the following Section.

5.6 Redshift Sampling Rate and Sky Coverage

Observations for the spectroscopy of objects from the photometric MUNICS catalogue
are almost complete, and most of the fields have been observed with reasonable com-
pleteness. The fraction of galaxies with redshift among all galaxies in the photometric
catalogue is usually called the redshift sampling rate (e.g. Lin et al. 1999). As an ex-
ample, Figure 5.6 shows the redshift sampling rate of objects in all survey fields with
spectroscopic data. The redshift sampling rate is the fraction of objects with successful
redshift determination among all galaxies in the photometric catalogue, and, of course,
is different from the redshift success rate, which is the fraction of all galaxies with
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Figure 5.4: Upper left-hand panel: The distribution of apparent K-band magnitudes
of galaxies versus redshift in the MUNICS spectroscopic sample. Upper right-hand
panel: Same as before, but for I magnitudes. Lower left-hand panel: Same as be-
fore, but for B magnitudes. Lower right-hand panel: The R−K-colour versus redshift
diagram for galaxies with spectroscopic redshifts. Also shown are the redshift-tracks
of model spectral energy distributions (Maraston 1998; see text for details), roughly
corresponding to Hubble types E (solid line), Sa (dash-dotted line), Sb (dashed line),
and Sc (dotted line).

redshift among all galaxies in the spectroscopic catalogue. The redshift success rate
depending on apparent magnitude and colours is shown in Figure 5.7 and discussed
in Section 5.7. These colour distribution should be compared to the distributions of
objects from the photometric and spectroscopic catalogue shown in Figures 5.4 and
5.5.

Although a few of the masks for the fields still have to be observed, this does not
necessarily inhibit the use of the sample for analysis of, e.g., the luminosity function,
as long as the sample of objects with successful redshift determination is a fair rep-
resentation of the total sample, and as long as any systematic incompleteness effects
can be corrected for. We will show that this is the case for our catalogue because of
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Figure 5.5: Left-hand panel: The J−K versus K colour-magnitude diagram for galax-
ies (filled circles) and stars (filled triangles) with good-quality spectra. The open cir-
cles show the distribution of objects classified as extended in the photometric catalogue
of one of the MUNICS fields (S2F1). Also indicated is the magnitude limit of the large
and bright spectroscopic sample at K = 17.5 (dotted line). Right-hand panel: Same as
before, but for the distribution of R−K colours versus apparent K-band magnitude.

the procedure we followed during mask preparation and observation. Firstly, we have
tried to select all objects with K ′ ≤ 17.5 in five survey fields for spectroscopy at Calar
Alto. Since the field of view of the spectrograph (MOSCA) is almost as large as the
size of our survey field, and since we usually have several masks per magnitude bin
(at least for the fainter objects), we are not limited by geometrical constraints from
the arrangement of slits on each mask. For the brighter magnitude bins we sometimes
had to drop a few objects during the preparation of a mask, but we have tried to in-
clude these objects in fainter mask setups. Hence we expect that the small fraction
of objects on to which no slit could be put is statistically similar to the distribution
of objects to the appropriate magnitude limit. Secondly, all masks which could be
observed so far were selected randomly from the masks prepared for observations, so
that we do not expect any selection bias here either. Figure 5.8 shows the distribution
of objects with successful spectroscopy as compared to objects in the photometric cat-
alogue for the survey patches called S2F1, S5F1, S6F5, and S7F5. These particular
fields have highest completeness. The field S2F1 contains the sparse sample of fainter
objects observed with the VLT. The figure nicely illustrates the statistically homoge-
neous distribution of the objects in the spectroscopic catalogue. The excess of objects
with successful redshift determination visible in the lower half of the field S2F1 is due
to foreground structure which can readily be seen in the image itself, showing again
the influence of cosmic variance and the importance of having several fields with a
relatively large solid angle for the analysis of statistical quantities, one of the huge
advantages of the MUNICS project compared to smaller surveys.

The redshift sampling rate as a function of K-band magnitude for the individual
fields is also shown in Figure A.1, in Appendix A.
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Figure 5.6: The redshift sampling rate, i.e. the fraction of successful redshift determi-
nations among galaxies in the photometric catalogue, as a function of mK (left-hand
panel), R−K (middle panel), and J−K (right-hand panel) for all galaxies in the survey
patches S2F1, S5F1, S6F5, and S7F5 (the field S2F5 has been excluded from further
analysis because of the small number of available spectra). The dotted line in the left-
hand panel indicates the formal limit of K ≤ 17.5 of the main part of the spectroscopic
survey. The colour distributions in the middle and the right-hand panel are those of
objects brighter than this limit.
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Figure 5.7: The redshift success rate, i.e. fraction of successful redshift determinations
among all galaxies which were observed spectroscopically, as a function of mK (with-
out any colour constraint; left-hand panel), R−K (middle panel), and J−K (right-hand
panel) for all galaxies in the survey patches S2F1, S5F1, S6F5, and S7F5). The dotted
line in the left-hand panel indicates the formal limit of K ≤ 17.5 of the main part of the
spectroscopic survey. The colour distributions in the middle and the right-hand panel
are those of objects brighter than this limit.

5.7 Redshift Success Rate

The efficiency of redshift determination of spectroscopic observations is described by
the redshift success rate rather than the redshift sampling rate. The former is the frac-
tion of objects with secure redshift among all galaxies which were observed spectro-
scopically and is shown in Figure 5.7. As expected, the redshift success rate drops off
for very faint and very red objects, but is in general very high due to the good quality
of the spectra.
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Figure 5.8: Sky coverage of spectroscopy in the MUNICS fields S2F1 (upper left-hand
panel), S5F1 (upper right-hand panel), S6F5 (lower left-hand panel), and S7F5 (lower
right-hand panel). The small open circles are objects in the photometric catalogue, the
distribution of which is governed by the MUNICS field geometry (see MUNICS I).
All galaxies with K ′ ≤ 17.5 and successful redshift determination are marked by filled
circles; they seem to be uniformly distributed on the sky. Note that spectroscopy of the
galaxies in the field S7F5 is not complete yet. Coordinates are pixel coordinates in the
K′-band MUNICS frame.

5.8 Extremely Red Objects

During the last years there has been a lot of research on ‘extremely red objects (EROs)’,
usually defined in terms of their very red optical–near-infrared colour (R−K > (5 . . .6)
mag; see, for instance, Martini (2001) and references therein). While the MUNICS cat-
alogue obviously contains such objects, they are not aimed at with the spectroscopic
observations described in this thesis, mainly because it is very difficult to obtain op-
tical spectra of faint EROs. This is evident from Figures 5.6 and 5.7 showing the
redshift sampling rate and the redshift success rate for the MUNICS spectroscopic ob-
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servations. Nevertheless, there are 15 such objects in the spectroscopic catalogue, all
having colours of 5.0 mag ≤ R−K ≤ 5.5 mag. Among these we find 7 objects for
which no redshift could be determined, 5 galaxies with redshifts 0.46 ≤ z ≤ 1.01, all
having a spectral energy distribution characteristic of early-type galaxies, as well as 3
stars of spectral type M.

First results of near-infrared spectroscopy of EROs selected from the MUNICS cat-
alogue in the course of the “TNG EROs Spectroscopic Identification Survey (TESIS)”
are described in Saracco et al. (2003). In the context of this project we have so far ob-
served a total of 13 EROs with the low-resolution near-infrared spectrograph AMICI.
For 10 objects we were able to derive a secure redshift. These spectra, together with
the MUNICS photometry, allow a classification as early-type galaxies for 7 of these
objects. Because of their different target selection we do not include these objects in
the following statistical analysis.

5.9 Test of Object Classification

For the full photometric MUNICS dataset we cannot rely on spectroscopic information
to classify objects as stars or galaxies. One way of doing this, a classification algorithm
based on the objects’ shape in the images, has already been described in Section 3.1.
However, this morphological classification might be problematic for very bright (satu-
rated) objects, very faint (noisy) objects, or for compact high-redshift galaxies.

A more reliable way of doing this is a χ 2-based criterion relying on fitting template
spectral energy distributions of stars and galaxies to the broad-band photometry of the
objects. We can test the accuracy of this classification method by comparing it to the
spectroscopic classification (see Figure 5.9). It is obvious from the Figure that the χ 2

classification agrees very well with the spectroscopic information and thus provides
an efficient method to discriminate between stars and galaxies in large photometric
catalogues.

5.10 Stars in the Spectroscopic Catalogue

As shown above, the spectroscopic catalogue contains 111 stars. Although the main
part of the objects selected for spectroscopy were morphologically classified as ex-
tended objects, a small part was purely magnitude selected to test the classification
procedure. These observations yielded many stellar spectra, and, of course, some of
the objects classified as extended turned out to be stars as well. In this section, we
briefly discuss the properties of the stellar objects and their spectra. Note that only 99
out of the 111 stars are present in the final cleaned catalogue, as some lie outside the
overlap area of the B, V , R, I, J and K images.

The distribution of V −J colours of the stars in the sample is shown in Figure 5.10.
The earliest spectral class present in the data are F stars. Blue stars are obviously
missing in our K-selected spectroscopic sample. It is also clear from the Figure that M
stars are dominating the stellar content of our spectroscopic survey.
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Figure 5.9: This diagram shows the loci of spectroscopically classified galaxies (open
circles) and stars (crosses) in a plane defined by the χ 2 values of the best-fitting galac-
tic and stellar spectral-energy distributions (SEDs) for the K-band selected MUNICS
catalogue. The line used to discriminate the two classes is also indicated.
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Figure 5.10: The histogram of V −J colours of 99 stars in the spectroscopic MUNICS
catalogue which also have photometric information in the six MUNICS filters. The
dotted lines are the V − J colours dividing the spectral types F, G, K and M (for dwarf
stars) according to Binney & Merrifield (1998).
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Figure 5.11: Composite spectra of stars roughly corresponding to spectral types F
(upper left-hand panel), G (upper right-hand panel), K (lower left-hand panel) and M
(lower right-hand panel). The stellar types have been pre-selected according to the
colour criterion presented in Figure 5.10. Also shown are template spectral energy
distributions for stars of type F4 V, G5 V, K4 V and M4 V (dotted lines) taken from
the Bruzual–Persson–Gunn–Stryker library (Gunn & Stryker 1983).

More interesting than the colours are the spectra themselves. To illustrate the dis-
tribution of spectral types, we have taken all stars in each of the colour bins shown
in Figure 5.10 and constructed a signal-to-noise weighted composite spectrum (see
Figure 5.11).
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Chapter 6

The Evolution of the Rest-Frame
Near-Infrared Luminosity
Function of Field Galaxies

This chapter, the first of two core Chapters of this thesis, describes the near-infrared
luminosity function of galaxies and its evolution with redshift as derived from the
near-infrared selected spectroscopic survey presented in the previous Chapters.

6.1 Introduction

The study of the luminosity function (LF) of galaxies at different wavelengths and at
different cosmic epochs is one of the most important methods to address the problem
of the formation and evolution of galaxies within observational cosmology.

As was already explained in Chapter 2, near-infrared selected galaxy surveys are
an efficient tool for tracing the evolution of massive galaxies. The past ten years have
seen a number of measurements of near-infrared LFs, all of which are summarised in
Tables 6.5 and 6.6 below. The easiest way to determine the K-band LF of galaxies is
by follow-up near-infrared photometry of existing, typically optically selected, galaxy
redshift catalogues. Mobasher, Sharples, & Ellis (1993) and Szokoly et al. (1998) have
chosen this approach, and later on Loveday (2000) has presented the LF at a median
redshift z = 0.051 from K-band imaging of bJ -selected galaxies from the Stromlo-
APM Redshift Survey (Maddox et al. 1990a, Loveday et al. 1996). Note that the use
of optically-selected samples can lead to a bias against red (for example old or dusty)
galaxies. Recently, Cohen (2002) derived LFs from the R-band selected Caltech Faint
Galaxy Redshift Survey.

For near-infrared selected galaxy surveys, most measurements of the K-band LF
so far were based on local (z <∼ 0.15) samples. Gardner et al. (1997) have calculated
the K-band luminosity function at a median redshift z = 0.14. Kochanek et al. (2001)
have determined type-dependent LFs at median redshift z = 0.023 combining Two-
Micron All Sky Survey (2MASS, Jarrett et al. 2000) and the CfA2 (Geller & Huchra
1989) and UZC (Falco et al. 1999) redshift databases. A similar strategy was adopted
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by Cole et al. (2001) who combined the photometric 2MASS data with the 2dF Galaxy
Redshift Survey (Folkes et al. 1999), and Balogh et al. (2001) who cross-correlate the
2MASS data with the Las Campanas Redshift Survey (Shectman et al. 1996). As will
be shown below, there is good agreement between these determinations of the rest-
frame K-band LF in the local universe. However, Huang et al. (2003) have presented
a measurement of the local K-band LF from the Hawaii–AAO K-band Galaxy Red-
shift Survey, finding a slightly brighter M∗ and a steeper faint-end slope, which they
attribute to the influence of different redshift ranges of the local samples. They also
note that their value for the faint-end slope is in better agreement with optical LFs.
Kashikawa et al. (2003) used photometric redshifts on a deep K-band selected cata-
logue to construct the rest-frame K-band LF, finding almost no evolution to redshift
z = 3.

At higher redshifts, Glazebrook et al. (1995) derived the K-band LF out to redshifts
z ≤ 0.8 and find evidence for a brightening of the characteristic luminosity at z > 0.5.
Cowie et al. (1996) present the evolution of the K-band LF of galaxies in four redshift
bins z∈ [0,0.1], z∈ [0.1,0.2], z∈ [0.2,0.6], and z∈ [0.6,1.0] based on a deep, but rather
small spectroscopic sample, complemented by the shallower samples from Songaila
et al. (1994). They find no evolution with redshift. Using our own, much larger sample
of spectroscopically calibrated photometric redshifts from the MUNICS survey, we
find mild evolution to redshift one, with a brightening of 0.5 to 0.7 mag, and a decrease
in number density of about 25 per cent (Drory et al. 2003; hereafter MUNICS II).

The spectroscopic sample of K-band-selected galaxies described in Chapter 5 en-
ables us to derive the rest-frame K-band LF of galaxies at redshifts z = 0.2, 0.4, and 0.7
from data based on a survey much larger in area than the Hawaii Deep Fields (Cowie
et al. 1996), making the LF presented here much less affected by cosmic variance.

Furthermore, the rest-frame J-band LF at these redshifts is presented for the first
time. So far, there are only two local measurements of the LF in this band (Balogh
et al. 2001, Cole et al. 2001).

6.2 Computing the Luminosity Function

The LF is computed using the non-parametric Vmax formalism (Schmidt 1968). This
method has been shown to yield an unbiased estimate of the LF if the sample is not
affected by strong clustering (Takeuchi et al. 2000). Because of our field selection and
the relatively large area of the survey, divided into several individual fields, we believe
that this assumption is valid for our sample.

The V max formalism accounts for the fact that some fainter galaxies are not visible
in the whole survey volume. In a perfect world with volume-limited redshift surveys,
each galaxy i in a given redshift bin [zlower,zupper] contributes to the number density an
amount inversely proportional to the volume Vi in which the galaxy is detectable in the
survey:

Vi =

zupper∫

zlower

dV
dz

dz, (6.1)
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where dV = dΩr2 dr is the comoving volume element and dΩ is the solid angle
covered by the survey. However, due to the fact that in real life we have to deal with
magnitude-limited surveys, a faint galaxy may not be visible in the whole survey vol-
ume. Assume that in a survey with given limiting magnitude galaxy i can be seen out
to redshift zmax. Then we have to correct the volume factor by V max

i /Vi, where

V max
i =

min(zupper,zmax)∫

zlower

dV
dz

dz. (6.2)

Obviously, we have zmax ≥ zupper for a galaxy which is bright enough to be seen
in the whole volume in investigation, and the correction factor is one. Otherwise,
zmax < zupper, and the volume is smaller than the volume corresponding to the redshift
range in which we compute the LF.

We have made sure that the effect of the volume correction is of importance only
in the faintest bin in absolute magnitude, and that even in this case the correction is
small.

Additionally, the contribution of each galaxy i is weighted by the inverse of the
detection probability P(mK,i) of the K ′-band selected photometric catalogue, where
we assume that the detection probability is independent of the galaxy type and can
be approximated by that of point-like sources. Completeness simulations for realis-
tic galaxy profiles at various redshifts have shown that this approximation is indeed
sufficient for galaxies at redshifts z < 1 (Snigula et al. 2002, hereafter MUNICS IV).
However, since the objects under consideration here are comparatively bright, the in-
fluence of this correction is negligible anyway.

In addition to the correction for the incompleteness of the photometric MUNICS
catalogue described above, we have to correct for the incompleteness of the spectro-
scopic catalogue with respect to the photometric sample, described by the redshift
sampling rate (see Section 5.6). In principle, this correction depends on the apparent
magnitude of the objects (faint objects may produce a lower signal-to-noise ratio or
might not have been considered for spectroscopy)1 , on their intrinsic type (it is easier
to determine a redshift for objects showing prominent emission lines, for example) and
on the redshift of the source (influencing the position of prominent spectral features
with respect to the spectral range or bright night-sky emission lines, for example).
However, it is difficult to determine a completeness ratio depending on spectral type
and redshift, because this information is lacking for all objects without secure redshift
measurement.

Hence the redshift sampling rate is often quantified in terms of its dependence on
apparent magnitude and two colours instead of spectral type and redshift (see Lin et al.
(1999), for example). In this work we compute the redshift sampling rate Ci,

Ci =
Nz,i

Ni
, (6.3)

1Note that we can neglect any influence of the size of the objects (large objects might have larger
losses of light at the slit of the spectrograph), since – especially at faint magnitudes – objects appear to
be almost point-like.
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depending on apparent K ′-band magnitude mK , and the colours R−K and J−K.
Specifically, for each galaxy i with a redshift, we determine the number Ni of galaxies
in the photometric sample and the number Nz,i of galaxies with successful redshift
determination in joint bins of apparent magnitude and colours, where we count all
galaxies j obeying

∣
∣
∣mK,i −mK, j

∣
∣
∣ ≤ 0.70 mag,

∣
∣
∣(R−K)i − (R−K) j

∣
∣
∣ ≤ 0.70 mag, (6.4)

∣
∣
∣(J−K)i − (J−K) j

∣
∣
∣ ≤ 0.35 mag.

On the one hand, the size of the intervals should be large enough to contain a
reasonable number of objects to avoid large fluctuations due to small-number statistics.
On the other hand, the intervals should not be too large in order to be able to follow the
change of the sampling rate. The numbers given in equation (6.4) have been chosen
after careful tests. Note that we have used larger intervals for mK and R−K since these
distributions are broader than the one for J−K. To illustrate the general behaviour of
the redshift sampling rate, we show projections of the function in Figure 5.6. Note
that we have to apply a correction factor of 0.93 to the sampling rate because of stellar
contamination of the class of extended objects, a bias introduced by our image-based
object classification algorithm, described in detail in Section 3.1.

The near-infrared LF Φ(M) is then computed according to the formula

Φ(M)dM = ∑
i

Vi

V max
i

1
Vi

1
P(mK,i)

1
Ci

dM, (6.5)

where the sum runs over all objects i in the redshift range for which we want to
calculate the LF. Naturally the volume terms can be simplified yielding 1/V max

i .

6.3 Converting to Absolute Magnitudes

For the conversion of apparent magnitudes m into absolute magnitudes M we need k(z)
corrections for the galaxies, defined by

M = m −5 log

(
dL(z)
10pc

)

−2.5 log (1+ z)− k(z), (6.6)

where dL(z) is the cosmological luminosity distance of the galaxy, and z is the
redshift.

The k(z) corrections for the objects in the spectroscopic catalogue are obtained
by fitting the model spectral energy distributions shown in the left-hand panel of Fig-
ure 7.2 to the broad-band photometry of the objects. The template spectral energy
distributions are constructed by combining empirical spectra and stellar population
synthesis models by Maraston (1998). The detailed description of these models can
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Figure 6.1: Left-hand panel: K-band k(z) corrections as a function of redshift for the
spectral energy distributions shown in Figure 7.2. Right-hand panel: Same as left-hand
panel, but for the J band.

be found in MUNICS II. The k(z) corrections for the K band and the J band are pre-
sented in the left-hand and right-hand panel of Figure 6.1, respectively, while Fig-
ure 4.4 shows a comparison of flux-calibrated spectrum, broad-band photometry, and
fitted model spectral energy distribution for two objects in the spectroscopic catalogue.

We have also tested the influence of using only one intermediate-type model spec-
tral energy distributions for deriving the k(z) corrections. As is obvious from Fig-
ure 6.1, this should work well for the K band, where the spread between k(z) correc-
tions for different models is small, but a bit less so well for the J band with its larger
variations. Indeed, we do see hardly any difference for the K-band LF, and only a
small difference in the J band. However, it is important to note that in the following
we do not use k(z) corrections from one model, but those from the fitting of template
spectral energy distributions to the six-filter broad-band photometry of the MUNICS
catalogue.

6.4 The K-band Luminosity Function

The rest-frame K-band LF of galaxies drawn from the spectroscopic sample was con-
structed in the redshift intervals 0.1 ≤ z ≤ 0.3 (median redshift z = 0.2), 0.3 ≤ z ≤ 0.6
(median redshift z = 0.4, and 0.6 ≤ z ≤ 0.9 (median redshift z = 0.7). The two lower
redshift bins comprise the majority of objects in the sample, as can be seen in Fig-
ure 5.1.

The centres of the bins in absolute magnitude were chosen in a way which ensures
a fair representation of the bright end of the LF, i.e. the bin centres at the bright end
correspond roughly to the absolute magnitudes of the brightest objects in that bin.

The results for the K-band LF of galaxies in different redshift bins from spectro-
scopic observations can be found in Table 6.1 and Figure 6.2, where it is compared
to the LFs determined from the local samples of Loveday (2000) and Kochanek et al.
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(2001). Clearly there is a good general agreement between the LF measured at z = 0.2
and the ones from local galaxy samples, although our data seem to suggest a somewhat
smaller value for M∗

K . Fitting a Schechter function (Schechter 1976; see also equations
(6.7) and (6.8) for the parametrisation of the function) to the LF yields the parame-
ters M∗

K − 5log h = (−23.79± 0.24) mag and Φ∗
K = (1.11± 0.12)× 10−2 h3 Mpc−3.

We used a fixed value of αK = −1.10, close to the values derived for local galaxies
by Loveday (2000) and Kochanek et al. (2001). Contrary to the J-band LF discussed
below, our normalisation also nicely agrees with the Cole et al. (2001) measurement,
although they derive a considerably shallower faint-end slope of α = −0.93± 0.04.
The errors were derived by running Monte-Carlo simulations with 100 000 iterations,
taking into account the errors due to the binning in absolute magnitudes. Excluding
the faintest magnitude bin does not change the result of the fit significantly.

Note that the agreement between our measurement and the local Schechter func-
tions is also very good at the faint end, although with poor statistics and large cor-
rection factors due to the incompleteness. From this we draw the conclusion that our
method to correct for incompleteness yields reliable estimates.

At redshifts 0.3 ≤ z ≤ 0.6, we find a mild evolution of the LF, with a higher
characteristic luminosity and a lower normalisation, yielding Schechter parameters of
M∗

K − 5log h = (−24.04± 0.26) mag and Φ∗
K = (0.71± 0.25)× 10−2 h3 Mpc−3. The

error contours for the Schechter parameters for the LF in the two lower redshift bins
are shown in the same figure. These contours were computed from the χ 2 distribution.
Finally, we show a comparison of the measurements of the K-band LF in all three red-
shift bins. Although the statistics becomes rather poor in the highest redshift bin with
median redshift z = 0.7, it confirms the trend for the evolution of the LF. However, it
is evident that the total evolution out to redshifts around 0.7 is not dramatically large.

Comparison of our result with the measurements by Cowie et al. (1996) who de-
rived the K-band LF at various redshifts 0 < z < 1 from a spectroscopic sample in two
small fields shows good agreement with our results. Their values for the Schechter
parameters M∗

K , Φ∗
K , and αK are similar to measurements for local samples. Again, our

data favour a slightly larger characteristic luminosity, but the trend of a falling normali-
sation with redshift is found both in the MUNICS and in the Cowie et al. measurements
of the LF.

6.5 The J-band Luminosity Function

The results for the rest-frame J-band LF of galaxies from our spectroscopic catalogue
are shown in Figure 6.3 and summarised in Table 6.2. Note that this is the first de-
termination of the J-band LF at higher redshifts following the local measurements by
Balogh et al. (2001) and Cole et al. (2001).

The Schechter parameters (see equations (6.7) and (6.8) for the definition of the
Schechter function) derived in the lowest redshift bin (0.1 ≤ z ≤ 0.3, median redshift
z = 0.2) are M∗

J −5logh = (−22.45±0.24) mag, Φ∗
J = (1.49±0.22)×10−2 h3 Mpc−3

with the faint-end slope αJ set to αJ = −1.00. The errors were derived by running
Monte-Carlo simulations with 100 000 iterations, taking into account the errors due to
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Figure 6.2: The K-band LF of galaxies from spectroscopic observations of MUNICS
galaxies. Upper left panel: The LF in the redshift range 0.1 ≤ z ≤ 0.3 (median redshift
z = 0.2; filled symbols). The vertical error bars give the Poissonian error, while the
binning error was estimated as b/

√
12 with the size b of the bin. Also shown are the

measurements of the local K-band LF by Loveday (2000; dotted line) and Kochanek
et al. (2001; dashed line), as well as a Schechter approximation to the MUNICS
data (solid line). The parameters of the Schechter fit are M∗

K − 5log h = (−23.79±
0.24) mag, Φ∗

K = (1.11 ± 0.12) × 10−2 h3 Mpc−3, and αK = −1.10 (fixed). Upper
right panel: The same as before, but in the redshift range 0.3 ≤ z ≤ 0.6 (median
redshift z = 0.4), with Schechter parameters M∗

K − 5log h = (−24.04 ± 0.26) mag,
Φ∗

K = (0.71±0.25)×10−2 h3 Mpc−3, and αK =−1.10 (fixed). Lower left-hand panel:
Error contours (1σ and 2σ ) for the Schechter parameters M∗

K and Φ∗
K from the χ2

distribution. The filled circle indicates the average value of local measurements from
Table 6.5; the “error bars” give an idea of the variation between different authors’
measurements. Lower right-hand panel: The LF in the interval 0.6 ≤ z ≤ 0.9 (median
redshift z = 0.70; filled circles), compared to the results from the two lower redshift
(z = 0.2, squares; z = 0.4, triangles) as well as the local measurements.
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Figure 6.3: The J-band LF of galaxies from spectroscopic observations of MUNICS
galaxies. Upper left panel: The LF in the redshift range 0.1 ≤ z ≤ 0.3 (median redshift
z = 0.2; filled symbols). The vertical error bars give the Poissonian error, while the
binning error was estimated from b/

√
12 with the size b of the bin. Also shown are

the measurement of the local J-band LF by Cole et al. (2001) as well as a Schechter
approximation to the MUNICS data (solid line). The parameters of the Schechter fit are
M∗

J −5logh = (−22.45±0.24) mag, Φ∗
J = (1.49±0.22)×10−2 h3 Mpc−3, and αJ =

−1.00 (fixed). Upper right-hand panel: The same as before, but in the redshift range
0.3 ≤ z ≤ 0.6 (median redshift z = 0.4), with Schechter parameters M∗

J − 5log h =
(−23.06± 0.24) mag, Φ∗

J = (0.76± 0.25)h3 Mpc−3, and αJ = −1.00 (fixed). Lower
left panel: Error contours (1σ and 2σ ) for the Schechter parameters M∗

J and Φ∗
J in the

two lower redshift bins from the χ 2 distribution. The filled circle indicates the value
of the local measurement by Cole et al. (2001) with the appropriate error bar. Lower
right-hand panel: The LF in the interval 0.6 ≤ z ≤ 0.9 (median redshift z = 0.70; filled
circles) compared to the LF in the two lower redshift bins (z = 0.2, squares; z = 0.4,
triangles) and the measurements of the local J-band LF by Cole et al. (2001).
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the binning in absolute magnitudes. Compared to the Cole et al. (2001) sample, our
measurement seems to favour a similar characteristic magnitude M∗

J , but a somewhat
larger value of the normalisation Φ∗

K . Unfortunately, Balogh et al. (2001), the only
other work on the J-band LF available so far, do not derive the normalisation, thus the
reason for the discrepancy remains unclear. In the K-band, the value of the normal-
isation derived by Cole et al. (2001) is in good agreement with other measurements,
although maybe a bit on the low side.

For the intermediate redshift bin 0.3 ≤ z ≤ 0.6 (median redshift z = 0.4), the
Schechter parameters derived from our data are M∗

J −5log h = (−23.06±0.24) mag,
Φ∗

J = (0.76 ± 0.25)h3 Mpc−3, where αJ was again set to a value of −1.00. Thus,
similar to the K-band, we see a mild evolution of the LF with a higher characteristic
luminosity and a smaller normalisation. The error contours for the Schechter param-
eters of the LF in the two lower redshift bins are shown in the same Figure. These
contours were derived from the χ 2 distribution. At the highest redshifts probed by our
sample, the evolution of the J-band LF seems to be confirmed, although the statistics
becomes rather poor in this case.

6.6 Kolmogorov-Smirnov Tests of Luminosity Function
Evolution

One method to compare the measurements of the near-infrared LFs at various redshifts
is to apply the Kolmogorov-Smirnov test to the cumulative distribution of objects in
absolute magnitudes. Of course, completeness and 1/Vmax corrections have to be ap-
plied to each individual object entering the distribution. The advantage of this method
is that it uses the absolute magnitudes as measured in the sample without binning. Fur-
thermore, it is independent of the relative normalisation of the samples one wants to
compare.

We firstly have run this test by comparing the cumulative luminosity distributions
from our data in the three redshift bins to the local measurements of the LF. The results
are shown in Table 6.3 for the K-band, and Table 6.4 for the J-band, respectively.
Furthermore, we show the resulting cumulative distributions in Figures 6.4 and 6.5 for
the K band and the J band, respectively.

While the cumulative distributions are in fair agreement for the lower redshift bin
(0.1 < z < 0.3), they are significantly different for the two higher redshift bins (0.3 <
z < 0.6 and 0.6 < z < 0.9, respectively), confirming the result found from the fitting of
Schechter parameters M∗ and Φ∗.

As an additional test we have applied the Kolmogorov-Smirnov test to the cumu-
lative distributions from the two lower redshift bins. The results of this test are shown
in Figure 6.6, where one can see that the probabilities that both distributions are drawn
from the same parent population are very small.
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Figure 6.4: Resulting cumulative distribution functions for the absolute K-band magni-
tudes from the MUNICS spectroscopic catalogue (solid line) as compared to the local
measurements by Loveday (2000; dotted line) and Kochanek et al. (2001; dashed
line). The diagram on the left-hand side compares the 0.1 < z < 0.3 redshift bin to the
local one, the middle diagram shows the same for the 0.3 < z < 0.6 redshift interval,
and the diagram on the right-hand side compares the distributions in the 0.6 < z < 0.9
interval to the local ones. The values quoted in the diagrams give the probabilities that
both cumulative distributions are drawn from the same population.
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Figure 6.5: Resulting cumulative distribution functions for the absolute J-band magni-
tudes from the MUNICS spectroscopic catalogue (solid line) as compared to the local
measurements by Cole et al. (2001; dashed line). The diagram on the left-hand side
compares the 0.1 < z < 0.3 redshift bin to the local one, the middle diagram shows
the same for the 0.3 < z < 0.6 redshift interval, and the diagram on the right-hand side
compares the distribution in the 0.6 < z < 0.9 interval to the local one. The values
quoted in the plots give the probabilities that both cumulative distributions are drawn
from the same population.
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Table 6.1: The uncorrected values Φu(MK) of the K-band LF, the completeness-
corrected values Φ(MK), and their errors dΦ(MK) for the individual redshift intervals
and magnitude bins. Here, ‘completeness correction’ refers to the correction of in-
completeness of the photometric catalogue, the incompleteness of the spectroscopic
sample with respect to the photometric one, and to the V/Vmax correction.

MK −5logh Φu(MK) Φ(MK) dΦ(MK)
(mag) (mag−1 h3 Mpc−3)

Median redshift 〈z〉 = 0.2:
−24.825 3.25×10−4 3.89×10−4 2.75×10−4

−24.075 1.63×10−3 2.56×10−3 1.55×10−3

−23.325 5.69×10−3 6.78×10−3 2.22×10−3

−22.575 7.64×10−3 9.68×10−3 2.88×10−3

−21.825 5.85×10−3 1.05×10−2 3.49×10−3

−21.075 3.25×10−3 1.01×10−2 4.97×10−3

−20.325 1.14×10−3 1.75×10−2 1.22×10−2

Median redshift 〈z〉 = 0.4:
−25.625 2.93×10−5 3.90×10−5 3.90×10−5

−24.875 4.69×10−4 6.91×10−4 3.42×10−4

−24.125 1.41×10−3 2.44×10−3 7.14×10−4

−23.375 1.50×10−3 4.12×10−3 1.32×10−3

−22.625 8.51×10−4 3.86×10−3 1.27×10−3

Median redshift 〈z〉 = 0.7:
−25.825 1.50×10−5 1.87×10−5 1.87×10−5

−25.075 1.65×10−4 4.20×10−4 2.37×10−4

−24.325 2.84×10−4 1.14×10−3 4.42×10−4

−23.575 1.35×10−4 9.63×10−4 4.59×10−4

2.61 %
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Figure 6.6: Cumulative distributions in absolute magnitude for the two lower redshift
bins and results from a Kolmogorov-Smirnov test applied to these data, both for the K
band (left-hand panel) and the J band (right-hand panel).
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Table 6.2: The uncorrected values Φu(MJ) of the J-band LF, the completeness-
corrected values Φ(MJ), and their errors dΦ(MJ) for the individual redshift intervals
and magnitude bins. Here, ‘completeness correction’ refers to the correction of in-
completeness of the photometric catalogue, the incompleteness of the spectroscopic
sample with respect to the photometric one, and to the V/Vmax correction.

MJ −5logh Φu(MJ) Φ(MJ) dΦ(MJ)
(mag) (mag−1 h3 Mpc−3)

Median redshift 〈z〉 = 0.2:
−23.775 1.63×10−4 1.63×10−4 1.63×10−4

−23.025 1.95×10−3 2.88×10−3 1.70×10−3

−22.275 6.34×10−3 7.55×10−3 2.30×10−3

−21.525 6.50×10−3 8.26×10−3 2.68×10−3

−20.775 6.50×10−3 1.13×10−2 3.55×10−3

Median redshift 〈z〉 = 0.4:
−24.725 2.93×10−5 3.90×10−5 3.90×10−5

−23.975 4.40×10−4 6.58×10−4 3.21×10−4

−23.225 1.20×10−3 2.37×10−3 7.57×10−4

−22.475 1.61×10−3 3.94×10−3 1.16×10−3

−21.725 9.68×10−4 4.02×10−3 1.24×10−3

Median redshift 〈z〉 = 0.7:
−24.675 2.99×10−5 3.67×10−5 3.67×10−5

−23.925 2.84×10−4 8.41×10−4 3.89×10−4

−23.175 2.24×10−4 9.72×10−4 4.21×10−4

Table 6.3: Probabilities for compatible cumulative distributions of absolute magni-
tudes derived from a Kolmogorov-Smirnov test. The comparison distributions are de-
rived from the local LF measurements by Loveday (2000) and Kochanek et al. (2001).
The magnitudes in the second column are upper limits to the range of absolute magni-
tudes for which the distribution has been computed.

Redshift MK (mag) Loveday (2000) Kochanek et al. (2001)
〈z〉 = 0.2 −21.5 35.73 % 26.10 %
〈z〉 = 0.4 −23.0 0.88 % 0.15 %
〈z〉 = 0.7 −24.0 1.61 % 0.37 %
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Table 6.4: Probabilities for compatible cumulative distributions of absolute magni-
tudes derived from a Kolmogorov-Smirnov test. The comparison distribution is de-
rived from the local LF measurement by Cole et al. (2001). The magnitudes in the
second column are upper limits to the range of absolute magnitudes for which the
distribution has been computed.

Redshift MJ (mag) Cole et al. (2001)
〈z〉 = 0.2 −20.3 21.51 %
〈z〉 = 0.4 −21.6 0.01 %
〈z〉 = 0.7 −22.9 0.07 %

6.7 Likelihood Analysis of Luminosity Function Evolution

In this Section we will describe a χ 2 analysis of the redshift evolution of the near-
infrared LFs. This test uses the Schechter parametrisation

Ψ(L) =
Φ∗

L∗

(
L
L∗

)α
exp

(

− L
L∗

)

(6.7)

of the LF, where L∗ is the characteristic luminosity, α the faint-end slope, and Φ∗

the normalisation of the LF (Schechter 1976). The corresponding equation in absolute
magnitudes reads

Ψ(M) =
2
5

Φ∗ ln10 100.4(M∗−M)(1+α) exp
(

−100.4(M∗−M)
)

. (6.8)

To estimate the rate of evolution of the parameters with redshift, we define evolu-
tion parameters µ and ν as follows:

Φ∗ (z) = Φ∗ (0) (1 + µz) ,

M∗ (z) = M∗ (0) + νz, and (6.9)

α (z) = α (0) ≡ α .

Note that the faint end of the LF cannot be determined very well from our data,
thus we leave the faint-end slope α of the Schechter LF fixed, as we have also done
during the fitting of a Schechter function to our data.

To quantify the redshift evolution of Φ∗ and M∗ we now compare our LF data in
all redshift bins with the local Schechter function evolved according to equation (6.9)
to the appropriate redshift. We do this for a grid of values for ν and µ , and calculate
the value of χ2 for each grid point according to

χ2 (ν ,µ) =
1
n ∑

i
∑

j

(

Φ(Mi,z j)−Ψ(Mi,ν ,µ ,z j)
)2

σ 2
i j

, (6.10)
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where Φ(Mi,z j) is the measurement of the LF at median redshift z j in the mag-
nitude bin centred on Mi, Ψ(Mi,ν ,µ ,z j) is the local Schechter function evolved ac-
cording to the evolution model defined in equation (6.9) to the redshift z j, σi j is the
RMS error of the LF value in the appropriate redshift bin, and n is the number of free
parameters of the approximation, i.e. the number of data points used minus the number
of parameters derived from the fitting.

We want to compare our measurement of the K-band LF with the Schechter ap-
proximations to the local determinations. We use the measurements by Loveday
(2000) and Kochanek et al. (2001) for the K-band (since the LF parameters derived
from local samples are very similar anyway), and the local J-band LF is the one by
Cole et al. (2001). The Schechter parameters derived by those authors are shown in
Tables 6.5 and 6.6. Choosing a shallower faint-end slope in the K band, similar to the
one derived by Cole et al. (2001), changes the result slightly, but – within the errors –
not significantly.

To avoid that data points with large completeness correction factors affect the re-
sult, we exclude all LF measurements with a total correction factor (photometric in-
completeness, spectroscopic incompleteness, and V/Vmax correction) larger than three.

The result of the likelihood analysis is shown in Figure 6.7. For the K-band, we
compare our measurements at redshifts 0.2, 0.4, and 0.7 to the local measurements
by Loveday (2000) and Kochanek et al. (2001), and to the average of their Schechter
parameters. We detect a brightening of ∆M∗

K/∆z ' −0.70 magnitudes, and a decline
of the number density of objects to redshift one. The decrease of Φ∗

K with redshift is
obviously quite strongly dependent on the parameters of the local LF, however, for the
average value we derive ∆Φ∗

K/(Φ∗
K∆z) ' −0.35. These results also give quantitative

estimates of the evolution which can already be seen in the Schechter parameters de-
rived from our data, see Table 6.1 for details. Note that Huang et al. (2003) derive a
significantly brighter M∗, a slightly larger normalisation, and a steeper faint-end slope,
which they ascribe to redshift selection effects. If their measurements are valid, the
brightening to redshift one would be smaller, whereas the evolution in number density
would be even larger.

Within the errors, the results found in this work agree nicely with the measure-
ments of the K-band LF derived from the full MUNICS sample based on photometric
redshifts. First results are shown in MUNICS III and show the same trend for the evo-
lution of the LF with redshift. A more detailed analysis is presented in MUNICS II,
where the evolutionary trend with a brightening of 0.5 to 0.7 mag and a decrease in
number density of roughly 25 per cent to redshift one is confirmed.

Very recently, Pozzetti et al. (2003) used about 500 spectroscopic redshifts to de-
rive very similar values for the evolution of the K-band LF from the K 20 survey
(Cimatti et al. 2002b).

In the case of the J-band (right-hand panel of Figure 6.7), the evolution of the LF
is obviously not very well constrained. This is also apparent from the error contours
of the Schechter parameters shown in Figure 6.3 (lower left-hand panel), where one
can see that the local measurement by Cole et al. (2001) has a characteristic magnitude
similar to the one derived in our lowest redshift bin, but a normalisation in between the
ones derived from our two lower redshift intervals, thus making any conclusions about
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Figure 6.7: Left-hand panel: Result of the estimation of the redshift evolution of the
Schechter parameters M∗

K and Φ∗
K between z = 0.4 (MUNICS LF) and the local uni-

verse from Loveday (2000; dotted line), Kochanek et al. (2001; dashed line), and
for an average of these two local measurements (solid line) as derived from a χ 2 ap-
proach (see text for details). The contours correspond to 1σ and 2σ confidence level.
The dΦ∗/dz = 0 and dM∗/dz = 0 lines indicate the non-evolution values. Right-hand
panel: The same for the J-band LF. In this case, the local measurement is taken from
Cole et al. (2001, dotted line), with the appropriate Schechter parameters from Ta-
ble 6.6, and the evolution is very badly constrained.

evolution with respect to the local sample difficult. However, we not that the evolution
in brightness seems to be similar to the one seen in the K band. We will also show in
Section 6.8 that measurements from the 6dFGS indicate that the normalisation of the
J-band LF measured by Cole et al. might be too low.

Furthermore, we note that our J-band LF data seem to confirm the trend seen for
the K band, which is also evident from the Kolmogorov-Smirnov tests presented in
Section 6.6.

6.8 Improved Local Luminosity Functions from the 6dFGS

It is obvious from the analysis above that the local comparison LFs are of great impor-
tance for the study of LF evolution, because the redshift range covered by MUNICS
alone is not really sufficient, and the local volume probed by MUNICS is too small to
derive a local LF from MUNICS. It has also been pointed out that the local J-band LF
by Cole et al. (2001) seems to be in disagreement with our measurement as far as the
normalisation is concerned.

Hence we tried to improve this situation by searching for a large local comparison
sample to derive near-infrared LFs. This became possible recently with the release of
the First Data Release of the 6dF Galaxy Survey (6dFGS; Jones et al. 2004).

The 6dFGS is a large spectroscopic survey, primarily based on objects drawn from
the 2MASS near-infrared imaging survey (Jarrett et al. 2000). Thus 6dFGS is a near-
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Table 6.5: Summary of samples used for deriving the K-band field-galaxy luminosity function (see Table 6.6 for more details).

Source Limit Area No z M∗
K −5logh αK Φ∗

K
(mag) (arcmin2) (mag) (10−2h3Mpc−3)

Mobasher et al. (1993)1 BJ ≤ 17, K ≤ 13 181 0.0–0.1 −23.37 ± 0.30 −1.00 ± 0.30 1.12 ± 0.16
Songaila et al. (1994)2 K ≤ 14.5−20 5544–5
Glazebrook et al. (1995)3 K ≤17.0 552 124 0.0–0.8 −23.14 ± 0.23 −1.04 2.22 ± 0.53
Cowie et al. (1996)4 K ≤19.5 26 254 0.2–1.0 −23.49 ± 0.10 −1.25 ± 0.15 0.80 ± 0.20
Gardner et al. (1997)5 K ≤15.0 15840 567 0.14 −23.30 ± 0.17 −1.00 ± 0.24 1.44 ± 0.20
Szokoly et al. (1998)6 RF ≤ 18.5, K ≤16.5 2160 175 0.0–0.4 −23.80 ± 0.30 −1.30 ± 0.20 0.86 ± 0.29
Loveday (2000)7 K ≤12.0 363 0.05 −23.58 ± 0.42 −1.16 ± 0.19 1.20 ± 0.08
Kochanek et al. (2001)8 K20 ≤ 11.25 4192 0.02 −23.43 ± 0.05 −1.09 ± 0.06 1.16 ± 0.10
Cole et al. (2001)9 bJ ≤ 19.5, K ≤ 13 2.2 106 17173 0.05 −23.36 ± 0.02 −0.93 ± 0.04 1.16 ± 0.17
Balogh et al. (2001)10 Rc ≤ 15−17, K ≤ 13 0.0–0.18 −23.48 ± 0.08 −1.10 ± 0.14
Huang et al. (2003)11 K ≤ 15 1065 0.138 −23.70 ± 0.08 −1.39 ± 0.09 1.30 ± 0.20
6dFGS (this work) K ≤ 12.75 ∼35000 0.05 -23.83 ± 0.10 -1.11 ± 0.04 1.35 ± 0.11
MUNICS (this work) K ≤ 17.5−19.0 649 157 0.1–0.3 −23.79 ± 0.24 −1.10 1.11 ± 0.12

145 0.3–0.6 −24.04 ± 0.26 −1.10 0.71 ± 0.25

1 Based on the optically-selected Anglo-Australian Redshift Survey (Peterson et al. 1986). A correction of +0.22 magnitudes is sometimes applied to their result because of their method of
calculating k(z) corrections (Glazebrook et al. 1995). 2 The area of the Songaila et al. (1994) sample actually continuously decreases with K magnitude. The values in the table are intended to
give a rough impression of the parameters of the catalogue. No LF is derived by the authors, however, the sample has been used by Cowie et al. (1996) in combination with their deep sample
to study the evolution of theK-band LF. 3 A correction of −0.30 magnitudes is often applied to their result due to the use of fixed-aperture photometry (Glazebrook et al. 1995). 4 Cowie et al.
(1996) determine the LF in four redshift bins from a combination of their deep sample with the shallower samples from Songaila et al. (1994). The values for the Schechter parameters given in
the table are from their fit to the LF over the whole redshift range, with errors estimated from the dispersion of the values for different redshift intervals. 5 The spectroscopic catalogue of Gardner
et al. (1997) is sparsely selected on the large photometric sample with the parameters given in the table due to geometric limitations imposed by the fibre spectrograph used for the observations.
6 Based on redshift from the optically-selected Kitt-Peak Galaxy Redshift Survey (Munn et al. 1997). 7 Based on K-band imaging of galaxies from the optically-selected Stromlo-APM galaxy
survey (Maddox et al. 1990a, Loveday et al. 1996). 8 Based on a combination of the 2MASS catalogue (Jarrett et al. 2000) with the CfA2 (Geller & Huchra 1989) and UZC (Falco et al. 1999)
surveys. 9 Based on a combination of the 2MASS catalogue (Jarrett et al. 2000) with the 2dFGRS (Folkes et al. 1999). 10 Based on a combination of the 2MASS catalogue (Jarrett et al. 2000)
with the Las Campanas Redshift Survey (Shectman et al. 1996). 11 Hawaii–AA0 K-band Galaxy Redshift Survey.
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Table 6.6: Summary of samples used for deriving the J-band field-galaxy luminosity function, giving the source for the data, the approximate
limiting magnitude (either in the optical or in the near-infrared), the approximate area, the number of objects, the redshift range of the survey
(either as interval or as median redshift), and the parameters of the Schechter function derived from the data. Parameters without error
estimate were kept fixed during the fitting procedure. This information is also valid for Table 6.5.

Source Limit Area No z M∗
J −5logh αJ Φ∗

J
(mag) (arcmin2) (mag) (10−2h3Mpc−3)

Cole et al. (2001)1 bJ ≤ 19.5, K ≤ 13 2.2 106 17173 0.05 −22.36 ± 0.02 −0.93 ± 0.04 1.08 ± 0.16
Balogh et al. (2001)2 Rc ≤ 15−17, K ≤ 13 0.0–0.18 −22.23 ± 0.07 −0.96 ± 0.12
6dFGS (this work) K ≤ 12.75 ∼35000 0.05 -22.83 ± 0.09 -1.12 ± 0.03 1.33 ± 0.11
MUNICS (this work) K ≤ 17.5−19.0 649 132 0.1–0.3 −22.45 ± 0.24 −1.00 1.49 ± 0.22

145 0.3–0.6 −23.06 ± 0.24 −1.00 0.76 ± 0.25

1 Based on a combination of the 2MASS catalogue (Jarrett et al. 2000) with the 2dFGRS (Folkes et al. 1999). 2 Based on a combination of the 2MASS catalogue (Jarrett et al. 2000) with the
Las Campanas Redshift Survey (Shectman et al. 1996).

Table 6.7: Summary of samples used for deriving the H-band field-galaxy luminosity function (see Table 6.6 for more details).

Source Limit Area No z M∗
H −5logh αH Φ∗

H
(mag) (arcmin2) (mag) (10−2h3Mpc−3)

6dFGS (this work) K ≤ 12.75 ∼35000 0.05 -23.56 ± 0.08 -1.11 ± 0.03 1.36 ± 0.13
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Figure 6.8: Top left-hand panel: Histogram of roughly 35 000 spectroscopic redshifts
of 2MASS galaxies with K < 12.75 from the First Data Release of the 6dF Galaxy
Survey (Jones et al. 2004). The other panels show field galaxy LFs in the rest-frame
near-infrared bands K (top right-hand panel), H (bottom left-hand panel) and J (bottom
right-hand panel). Note that these LFs are computed from the K-selected catalogue
using h = 0.7.

infrared selected galaxy catalogue, making it an ideal local complement for MUNICS.
The First Data Release contains roughly 35 000 galaxies with secure redshifts. The
histogram of redshifts for a sub-sample of 2MASS galaxies in the 6dFGS-DR1 with
K ≤ 12.75 is shown in the top left-hand panel of Figure 6.8. The median redshift is
z ' 0.05, with a tail out to z ' 0.15.

We used this sample to derive K-band selected LF in the near-infrared filters K, H
and J in the same way as we derived the MUNICS LFs. In brief, we used the Vmax

method and applied all sampling and incompleteness corrections as described in Jones
et al. (2004). The resulting LFs are shown in Figure 6.8. Schechter functions were
fitted to all LF bins with small errors, the parameters of which are shown in Figure 6.8.
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Figure 6.9: New determination of the evolution of near-infrared LFs based on the local
measurement derived from the 6dFGS.

In the K band, there is rather good agreement between most of the local samples,
with the exception of the Cole et al. (2001) measurement which has a different faint-
end slope. Also, the characteristic absolute magnitude M∗

K derived from the 6dFGS LF
seems to be brighter than other measurements (see also Table 6.5). In the H band this
is the first measurement of the LF, so no comparison with existing data can be given.
However, it is clear that the H-band LF does not behave vastly different from the ones
in the K and J band which, of course, is not surprising. The most interesting result
is the one for the J band. Here there is clearly a significant difference with the only
literature measurement by Cole et al. (2001). Not only is the faint-end slope much
steeper than given by them, but the number density of galaxies seems to be higher than
suggested by Cole et al. (2001). Moreover, the 6dFGS LF is again shifted to brighter
luminosities.

The influence of this new determination of the local near-infrared LFs has some
impact on the evolution of M∗ and Φ∗ as discussed above. In the case of the K band,
the normalisation of the 6dFGS is very similar to other local measurements, but the
characteristic luminosity is somewhat brighter, thus reducing the brightness evolution.
In the J band, the effect concerning the luminosity is similar. However, there is some
improvement for the density: The 6dFGS suggests a considerably higher local den-
sity than the Cole et al. (2001) measurement, thus allowing a better constraint than
previously possible. This helps to the problem with the evolution of the J-band LF
apparent from Figure 6.7. The updated results for the evolution of the near-infrared
LFs is presented in Figure 6.9. We will present improved estimates of LF evolution in
Chapter 8 where we estimate the LF evolution from the large photometric MUNICS
catalogs selected both at near-infrared and at optical wavelengths.

6.9 Luminosity Functions: The Connection to Theory

How can the characteristic shape of the galaxy luminosity function be explained theo-
retically? Clearly, the formation and evolution of structure is a very complicated story
(Peebles 1980, 1993, Peacock 1999): Initial fluctuations in the density field grow by
gravitational attraction, mainly driven by the ‘cold dark matter’ (CDM) assumed to
present in the universe.

So much for the easy part. The formation and evolution of real galaxies with their
gas and stars is even more complicated: The baryonic matter component then falls into
these ‘dark matter haloes’, stars are formed and die, and their metal production and
energy release affects the surrounding material, an effect known as ‘feedback’ (see
the introduction of the paper by Adelberger et al. 2003 for an illuminating and amus-
ing description of why we need feedback). Not only is the dynamics of the gaseous
component very complicated, but also our understanding of star formation is far from
complete (see Evans 1999 for a review).

It is clearly very difficult to numerically assess this physical processes in a com-
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plete way, although modern hydrodynamical simulations try to proceed along this line.
Hence only simplified numerical models for galaxy formation are available. The basic
principle of these ‘semi-analytic models’ (e.g. Kauffmann et al. 1999, Somerville &
Primack 1999, Cole et al. 2000) is as follows: The growth of dark matter haloes, their
merging and mass assembly are taken from cosmological simulations or constructed
from Monte-Carlo techniques. The complicated hydrodynamical processes within the
haloes, i.e. the gas cooling and heating, star formation, supernova explosions and their
feedback on their environment etc., are parametrised with simple models. Although
these simplified models are physically motivated, it is important to note that many of
the processes they describe are only poorly understood.

Another problem with the models is their ‘normalisation’. The free parameters
of the models can be adjusted within a range of values to fit certain observed charac-
teristics of the galaxy population. Some modelers prefer to fit the local Tully–Fisher
relation for spirals (Tully & Fisher 1977), a correlation between the B-band luminosity
of spiral galaxies and their rotation velocity, while others prefer to make their models
fit the local luminosity function. Apparently, for many models there seems to be a
problem with fitting both at the same time.

But what is the special challenge for these models when trying to reproduce the
shape of the luminosity function? The problem is the conversion of the halo mass
function to the galaxy luminosity function. The halo mass function in CDM theory
has a different shape than the luminosity function: At small masses, it rises steeper
than the luminosity function, while at high masses it lacks the sharp cut-off seen at the
bright end of the luminosity function (Jenkins et al. 2001). Thus the theorists face the
problem of suppressing star formation in low and high mass haloes. In Figure 6.10 this
is illustrated by comparing a halo mass function from Benson et al. (2003), converted
to a K-band galaxy luminosity function by assuming a constant mass-to-light ratio of
M /LK = 11M�/LK,�, to the Schechter parametrisations of the field-galaxy luminos-
ity functions by Loveday (2000), Kochanek et al. (2001) and my determination based
on the 6dFGS (see Section 6.8).

The standard picture of galaxy formation assumes that the in-falling gas heats to
the virial temperature of the dark-matter halo’s potential well and later cools down
(Rees & Ostriker 1977, White & Rees 1978). For a thermally supported gas cloud, the
minimum mass required for collapse, the Jeans mass MJ (Jeans 1928), is a function
of the mean particle density n and the kinetic temperature T of the gas,

MJ ∝ T 3/2 n−1/2. (6.11)

Thus, since stars can only form from cool gas, the only possibilities to circumvent
star formation in a dark-matter halo are either to remove the gas, or to heat it.

For low-mass haloes, it is generally assumed that the energetic feedback from mas-
sive stars (a) might drive gas out of the system (Dekel & Silk 1986), and (b) efficiently
re-heats the cold gas in the system, thus preventing the formation of more stars (e.g.
Benson et al. 2003). In fact, star formation in these galaxies could have been delayed
by the ultraviolet background until z<∼1 (Babul & Rees 1992); as “boojums”2 (“blue

2The fantasy word is taken from Lewis Carroll’s famous poem “The Hunting of the Snark” (Carroll
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Figure 6.10: Comparison of the mass function of dark matter halos in CDM simula-
tions (solid line) and two examples for local K-band field-galaxy luminosity functions
(dotted and dashed lines). The halo mass function has been normalised to the knee
of the luminosity function, thus illustrating the prediction of models with constant
mass-to-light ratio M /LK = 11M�/LK,� and without feedback (modified version of
Figure 1 in Benson et al. 2003).

objects observed just undergoing moderate starburst”) they could make up the major
part of the faint blue galaxy counts (Babul & Ferguson 1996). However, inhibiting star
formation in high-mass haloes presents a more difficult problem.

Benson et al. (2003) investigate the influence of different feedback mechanisms on
the faint and bright end of the galaxy luminosity function. They find that it is rather dif-
ficult to obtain a good match for both faint and bright galaxies. While they succeed in
suppressing cooling in high-mass haloes, they conclude that this would require either
thermal conduction or the expulsion of gas from haloes in super-winds at temperatures
high enough to prevent recapture. However, the conduction rates needed for the for-
mer process are rather high, and the energy needed for the latter is likely larger than
the one available from supernovae. They also find better agreement for lower values
of σ8 ∼ 0.7, the normalisation of the power spectrum of density fluctuations on scales
of 8 h−1 Mpc. However, according to measurements of the fluctuations in the cosmic
microwave background by the WMAP satellite, σ8 = 0.84±0.04 (Spergel et al. 2003),
lower than the value that was used in the Benson et al. model (σ8 = 0.93), but not as
low as σ8 = 0.7.

Binney (2004), on the other hand, disagrees with the generally agreed conception
that all of the in-falling gas heats to the virial temperature of the halo. Based on X-ray
observations indicating that very little, if any, gas is cooling in galaxy clusters (Tamura

1876).
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et al. 2001, Peterson et al. 2003), he assumes that a fraction f of the gas fails to heat
to the virial temperature, where f decreases as the halo mass increases. The gravita-
tionally heated fraction of the gas is then further heated by supernova feedback and
the central black hole. Nuclear black holes have been found in all galaxies with bulges
investigated so far (Kormendy & Richstone 1995, Kormendy 2004). For small-mass
halos, the hot gas is heated sufficiently to flow out of the system, whereas in high-
mass systems the gas is either retained in the system or pushed up so high in the halo
that it takes several Gyr to fall back after the energy output by type-II supernovae has
decreased (D’Ercole et al. 1989). At some point this hot material may densify suffi-
ciently to heat any in-falling cold gas, thus ‘calling a halt to star formation’ (Binney
2004).

6.10 Comparison to Galaxy Formation Models

It is interesting to compare the near-infrared selected LFs presented here to theoretical
predictions as made by semi-analytic models described in Section 6.9.

To demonstrate some of the failures of these models we compare the K-band
LF and its redshift evolution with some of the semi-analytic models available (Fig-
ure 6.11). The models were taken from Kauffmann et al. (1999), the Durham group
(Baugh et al. 2003) and the GALICS group (Hatton et al. 2003). Clearly one of the
largest difficulties of the models is the bright end of the LF at low redshift, where many
models over-predict the number of bright galaxies. This is a general problem of the
models (Benson et al. 2003): The mass function of dark matter haloes has a power-
law shape, thus the processes acting during galaxy formation and evolution decrease
the numbers of galaxies both at the faint end and at the bright end, effectively result-
ing in the Schechter-like form of the LF. The methods by which semi-analytic models
achieve the high-luminosity cut-off observed in the galaxy LF are often rather crude:
in some cases an upper mass limit for star formation in dark matter haloes is defined.
Clearly, a lot of theoretical work remains to be done, and the discrepancies between
the models and the observations tell more about deficiencies in the models than about
the physics of galaxy formation.



6.10. COMPARISON TO GALAXY FORMATION MODELS 89

−28 −26 −24 −22 −20 −18
−6

−5

−4

−3

−2

−1

 0

MK − 5 log h

lo
g 

Φ
 [h

3  
M

pc
−

3  
m

ag
−

1 ]

z = 0.0

Loveday (2000)
Kochanek et al. (2001)
MPA/GIF
GalICS
Durham

−28 −26 −24 −22 −20 −18
−6

−5

−4

−3

−2

−1

 0

MK − 5 log h

lo
g 

Φ
 [h

3  
M

pc
−

3  
m

ag
−

1 ]

z = 0.5

MUNICS
Loveday (2000)
Kochanek et al. (2001)
MPA/GIF
GalICS

−28 −26 −24 −22 −20 −18
−6

−5

−4

−3

−2

−1

 0

MK − 5 log h

lo
g 

Φ
 [h

3  
M

pc
−

3  
m

ag
−

1 ]

z = 1.0

MUNICS
Loveday (2000)
Kochanek et al. (2001)
MPA/GIF
GalICS

Figure 6.11: Comparison of K-band LF to semi-analytic models for redshift z = 0.0
(upper left-hand panel), z = 0.5 (upper right-hand panel) and z = 1.0 (bottom panel).
The dotted and dashed line refer to local measurements of the LF, the thick solid line to
the local LF evolved according to the MUNICS measurements. Clearly, these models
fail to reproduce the observed LF (see the text for a detailed discussion).
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Chapter 7

The Construction of Optically
Selected MUNICS Catalogues

In the following we want to present optically selected MUNICS catalogues. These
contain many more objects than the spectroscopic sample (and than many previous
surveys!) and can thus be used to study the evolution of the galaxy population with
high statistical accuracy. Furthermore, the can be used to investigate the influence of
colour selection effects on galaxy surveys. While most of the surveys done until the
1980’s were optically selected (either in the B band or in the I band), Chapter 6 has
presented results from a near-infrared selected galaxy catalogue. The I-band and B-
band selected galaxy samples from the MUNICS survey presented in the following two
Chapters can be used for comparison with previous work and to study selection effects.
Since the MUNICS spectroscopic sample was pre-selected on the K-band photometric
catalogue, we have to rely on photometric redshifts to determine distances to galaxies.

In this chapter we want to discuss the construction and the properties of the I-
band and B-band selected photometric catalogues as well as the measurement and
reliability of photometric redshifts. We will often refer to the different catalogues as
MUNICS_K, MUNICS_I and MUNICS_B for short.

7.1 Catalogue Construction

Object detection was performed on the I-band and B-band images using the YODA

source extraction software (Drory 2003). Sources are detected by requiring a minimum
number Npix of consecutive pixels to lie above a certain threshold t expressed in units
of the local RMS σ of the background noise. To ensure secure detection of faint
sources, the images are convolved with a Gaussian of FWHM similar to the seeing in
the image. The choice of the number of consecutive pixels Npix and the threshold t is
a compromise between limiting magnitude at some completeness fraction, say 50 per
cent, and the number of tolerable spurious detections per unit image area (Saha 1995,
see also the discussion in MUNICS I).

For the K-band selected catalogue, Drory et al. (2001b) chose to fix the thresh-
old t = 3σ and the convolution kernel to have the same FWHM as the seeing in the
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images. To find reasonable values for Npix and t they performed simulations with
varying minimum number of consecutive pixels on the K-band image of one of our
mosaic fields (S6F5). Accepting 1 per cent contamination by false detections, they
fixed the minimum number of consecutive pixels at 2 times the seeing disk area,
Npix = π(1.4 FWHM/2)2, (10 pixels at 1′′, 16 pixels at 1.5′′seeing for the MUNICS
pixel scale) and performed object detection using these parameters on all K-band im-
ages.

However, optical images have different characteristics than near-infrared images,
so we decided to run new simulations to ensure best detection on the I-band and B-
band images. Instead of fixing two parameters (the threshold and the convolution
kernel) and keeping only one free parameter (as with the K-band detection), we chose
only one fixed parameter: The size of the convolution kernel was set to be equal to the
(Gaussian) PSF of the images. Thus we kept both the threshold and the number of con-
secutive pixels as free parameters in our simulations. Choosing a PSF-like Gaussian
kernel for the image convolution is necessary to ensure secure detection of faint, com-
pact objects in the images. The number of false detections was measured by running
the detection algorithm on the same images multiplied by −1.

From these simulations, the best choice of parameters is t = 4σ for the detection
threshold, and Npix = π(FW HM/2)2 for the minimum number of consecutive pixels
required for an object. Thus, compared to the near-infrared detection, the threshold
was changed from 3σ to 4σ of the local background, but the number of consecutive
pixels was reduced from twice the equivalent area of the seeing disk to the equivalent
area of the seeing disk, which seems a reasonable choice of parameters. With these
settings, the contamination rate (the rate of false detections) is actually below 1 per
cent.

Since one of the ideas of this Chapter is a comparison of properties of the K-
band and the optically selected galaxies, we have convinced ourselves that this change
of detection parameters does not influence the results presented here. The reason is
that different detection parameter choices mostly affect the object statistics at the very
faintest apparent magnitudes. Since these objects also have large photometric errors,
they are usually excluded from any further analysis and thus cannot influence the re-
sults of our work.

In Figure 7.1 we show the completeness functions for the I-band images of the ten
MUNICS mosaic fields, based on Monte-Carlo simulations of artificial point-sources
placed at random in the images. After running the object detection algorithm on the
images, the fraction of re-detected artificial objects as a function of magnitude is com-
puted.

Photometry was done in elliptical apertures the shape of which was determined
from the first and second moments of the light distribution in the detection image, as
described in Drory (2003), and additionally in fixed size circular apertures of 5 and 7
arc seconds diameter. To ensure measurement at equal physical scales in every pass-
band, the individual frames were convolved to the same seeing FWHM, namely that
of the image with the worst seeing in each field.

Aperture fluxes and magnitudes were computed for each object present in the I-
band and B-band catalogues irrespective of a detection in any other band. For this
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Table 7.1: The number of detected objects in the ten MUNICS mosaic fields, both for
the K-band, I-band and the B-band selected catalogue, together with the effective area.
The fields S3F1 and S4F1 have inadequate data quality and are not used in the analysis
presented below. The last line shows averages for the eight fields with good quality
data.

Field Ndet Ndet Ndet Area
(K band) (I band) (B band) [arcmin2]

S2F1 646 1186 1418 119.1
S2F5 836 1478 1496 123.7
S3F1 487 932 1174 116.6
S3F5 743 1146 1248 107.6
S4F1 557 1184 894 105.6
S5F1 608 842 1441 115.7
S5F5 468 631 1202 105.3
S6F1 529 1041 1376 117.1
S6F5 826 830 1402 116.5
S7F5 749 996 1161 119.1
All 6449 10267 12812 1146.3
Average 676 1064 1343 115.5

purpose the centroid coordinates of the sources found in the detection images were
transformed to the other frames using full astrometric transformations between the
image coordinate systems. For this purpose, the images in the other five filters of each
field were registered against the image in the detection band by matching the positions
of ∼ 200 bright homogeneously distributed objects in the frames and determining the
coordinate transform from the detection system to each image in the other four pass-
bands using the tasks XYXYMATCH and GEOMAP within IRAF. The scatter in the
determined solutions is less than 0.1 pixels RMS in the transformation from I or B to
the other optical bands, and less than 0.2 pixels RMS from I or B to the near-infrared
frames. Note that the frames themselves are not transformed to avoid artefacts from
the re-sampling. We only determine accurate transformations and apply these later
to the apertures in the photometry process, where the shapes of the apertures were
transformed using only the linear terms of the transformation.

The raw photometric catalogues were than cleaned of objects which are not lo-
cated in the overlap area of all six filter images. To do this, we constructed the exact
overlap area by measuring the circular apertures in the optical images and the poly-
gons resulting from the 2-by-2 mosaics in the near infrared. To avoid problems with
the photometry of objects close to image borders we excluded objects closer than 10
arc-sec to the image border. The resulting numbers of objects in the cleaned catalogue
as well as the effective image areas are listed in Table 7.1.

The agreement between the photometry of I-selected and K-selected objects
present in both catalogues is very good (see Figure B.1 in Appendix B). The same
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Figure 7.1: Result of Monte-Carlo simulations with artificial point sources placed in
the I-band (left-hand panel) and B-band images (right-hand panel) of MUNICS.

is true for the comparison of photometry between MUNICS_I and MUNICS_B (see
Figure B.2 in Appendix B). The scatter is due to the fact that photometry is performed
in elliptical apertures the shape of which is determined in the respective detection im-
age. Thus, the apertures for the K-band and the I-band selected photometry can be
different, thus producing the observed scatter.

Morphological object classification in either PSF-like or extended objects was per-
formed in a manner similar to the K-band selected catalogue (see MUNICS I), but was
improved in two ways.

Firstly, as for the K-selected catalogue the morphological information in all filters
was used. Already for that catalogue it was intended to weight the classification infor-
mation for each object by the signal-to-noise in all six filters. However, due to a bug
in the code the object classification in MUNICS I was always based on the objects’
morphology in K and J. This bug was fixed, hence classification is now based on the
information in all filters.

More specifically, an objects is classified as PSF-like, if it is classified as non-
extended in the two filters with highest signal-to-noise ratio.

Secondly, we improved our method to select stars for the determination of the
PSF. For the old catalogues (MUNICS I), this was done by hand, but we have now
implemented a semi-automatic algorithm:

1. On the detection catalogue, select relatively bright objects (to avoid contamina-
tion with very faint, i.e. noisy objects), but exclude very bright objects (to avoid
saturated stars).

2. Do κ-σ clipping to get the mean asymmetry of stellar objects (e.g. to account
for telescope tracking problems).

3. Select objects with asymmetry parameter smaller than some limit.

4. Do Gaussian fits to all these objects to measure their FWHM.
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5. Do κ-σ clipping on FWHM measurements to get the seeing.

6. Use stars within 3σ around the mean seeing for PSF measurement.

In some cases, this automatic algorithm required interaction. Firstly, the asymme-
try limit should not be larger than the intrinsic asymmetry. Secondly, for some high
galactic latitude fields the number of stars is so small that the stellar sequence is not
well defined. However in most cases the selection of PSF stars is very stable. Diagrams
showing the objects selected for PSF determination can be found in Appendix C.

7.2 Photometric Redshifts

Photometric redshifts are derived using the method presented in Bender et al. (2001).
We only briefly outline the procedure in this section. The method is a template match-
ing algorithm rooted in Bayesian statistics closely resembling the method presented by
Benítez (2000). However, instead of relying on a predetermined set of template SEDs,
semi-empirical templates matching the photometric properties of the sample are used.
The templates are derived by fitting stellar population models of Maraston (1998) of
different age and dust extinction and Kinney-Calzetti (Kinney et al. 1996) spectra to
combined broad-band energy distributions of MUNICS and FDF (Heidt et al. 2003)
galaxies having spectroscopic redshifts. In this way, representative galaxy templates
of mixed stellar populations (variable age, metalicity, and dust extinction) optimised
for the MUNICS dataset are obtained.

The total spectroscopic sample is divided into two groups of objects. The first sub-
sample (all objects with redshifts in the field S2F1) is used for constructing SED tem-
plates, the second subsample (all other objects with spectroscopic redshifts) is used for
comparing spectroscopic and photometric redshifts and thereby calibrating the SED li-
brary.

The observed-frame apparent magnitudes of objects in the first subsample are
transformed to rest-frame redshift zero, and fitted by an initial set of stellar popula-
tion synthesis models. Objects best fitting the same model are grouped together. Since
each group will contain objects from a variety of redshifts, a densely sampled SED
from the broad band photometry of these objects is obtained.

This initial set of SEDs is used to determine photometric redshifts for the total
sample of objects having spectroscopic redshifts. The photometric redshifts are com-
pared to the spectroscopic ones, and, additionally, the same de-redshifting procedure
is applied to the spectroscopic sub-sample not used for the initial construction of the
SEDs, only that now we group the objects by the SED that gave the best fit during
the determination of the photometric redshift. Using this comparison, deficiencies in
the set of SEDs can be identified as those become apparent through systematic offsets
between the de-redshifted magnitudes and the SED templates. This is the case since
such deficiencies lead to a wrongly determined photometric redshift and therefore to
the assignment of a wrong SED.

This procedure is repeated with a refined set of SEDs, by changing SEDs, abol-
ishing some and adding others, until a satisfactory library of template SEDs is found.
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Figure 7.2: Left-hand panel: Template SEDs for galaxies used in the computation of
photometric redshifts for the K-, I- and B-selected samples (see the text for details).
Right-hand panel: The distribution of SED types in the three MUNICS catalogues.
The SED number is an internal SED identification. Small numbers refer to redder
(early-type) galaxies, higher numbers to bluer (late-type) galaxies.

The left-hand panel of Figure7.2 shows the final template SED library used to derive
photometric redshifts in what follows. It is the same set of SEDs also used for the
K-band selected catalogue, since the SEDs anyway cover a wide range from very red
old models to young star-bursting models. As we show in the right-hand panel of
Figure 7.2, the difference between the differently selected catalogue lies then only in
the distribution of selected SEDs: While in the K-selected sample the algorithm picks
preferentially red galaxy types (and only very few heavily star-forming objects), the
distribution for the I-selected sample is more balanced, and indeed reversed for the
B-selected sample.

Finally, Figure 7.5 compares photometric and spectroscopic redshifts for all ∼
500 objects within five MUNICS Mosaic Fields and shows the distribution of redshift
errors. The typical scatter in the relative redshift error ∆z/(1+ z) is 0.056. The mean
redshift bias is negligible. The distribution of the errors is roughly Gaussian. There is
no visible difference between the distributions among the survey fields. Although this
performance is encouraging, it is important to say that the spectroscopic data become
sparse at z >∼ 0.6 and there are only very few spectroscopic redshifts at z > 1.

To illustrate the use of photometric redshifts, we show two instructive examples
of photometric redshift determinations of galaxies and the identification of an M-star
in Figure 7.3. These examples help to understand how the technique works and the
uncertainties involved.

Firstly, a spiral-like system at redshift z' 0.90. Here the Balmer break is redshifted
beyond the R-band filter, and only one SED contributes significantly to the global peak
in the redshift probability distribution. The rather broad probability distribution in
redshift is due to the fact that the Balmer break is in the rather large sampling gap
between the R and I bands, and therefore its position is not very well determined. Note



7.2. PHOTOMETRIC REDSHIFTS 97

0.5 1.0 1.5 2.0
 0

 200

 400

 600

 800

 1000

0.0 0.5 1.0 1.5 2.0

−7
−6
−5
−4
−3

ID: S2F1 816 (1464.90,1315.34)  MUNICS J030627.86+000214.9

z=0.90  log(p1/p2)=−7.3  MB=−21.5  MK=−24.3

class S  χg
2= 0.3  model=mod.h5  χs

2=17.4  star=ukm0v.dat

B=23.3 V=22.9 R=22.4 I=20.9 J=20.1 K=18.7

λ [µm]

f λ
 [1

0−
20

 e
rg

/s
/c

m
2 /

Å
]

lo
g 

P
(z

)

z

K’JIRVB

0.5 1.0 1.5 2.0
 0

 100

 200

 300

 400

 500

 600

 700

0.0 0.5 1.0 1.5 2.0

−7
−6
−5
−4
−3
−2

ID: S2F1 43 (961.78,272.58)  MUNICS J030641.22−000437.9

z=0.72  log(p1/p2)=−24.1  MB=−20.8  MK=−24.6

class G  χg
2= 0.8  model=modn0  χs

2= 4.3  star=ukm4v.dat

B=25.7 V=24.1 R=22.6 I=20.7 J=19.6 K=18.1

λ [µm]

f λ
 [1

0−
20

 e
rg

/s
/c

m
2 /

Å
]

lo
g 

P
(z

)

z

K’JIRVB

0.5 1.0 1.5 2.0
 0

 500

 1000

 1500

 2000

 2500

0.0 0.5 1.0 1.5 2.0

−7
−6
−5
−4
−3
−2

ID: S6F5 155 (1346.43,669.44)  MUNICS J115750.39+653040.9

z=0.38  log(p1/p2)=−1.7  MB=−20.5  MK=−23.9

class G  χg
2= 0.4  model=mod.h3  χs

2= 8.8  star=ukm0v.dat

B=22.1 V=21.2 R=20.4 I=19.5 J=18.5 K=17.2

λ [µm]

f λ
 [1

0−
20

 e
rg

/s
/c

m
2 /

Å
]

lo
g 

P
(z

)

z

K’JIRVB

0.5 1.0 1.5 2.0
 0

 100

 200

 300

 400

 500

0.0 0.5 1.0 1.5 2.0

−7
−6
−5
−4
−3
−2

ID: S2F1 75 (773.55,357.44)  MUNICS J030646.19−000404.0

z=0.42  log(p1/p2)=−15.9  MB=−18.9  MK=−22.5

class S  χg
2= 4.1  model=mm11  χs

2= 0.9  star=ukm2v.dat

B=24.7 V=23.4 R=22.4 I=20.9 J=20.1 K=19.3

λ [µm]

f λ
 [1

0−
20

 e
rg

/s
/c

m
2 /

Å
]

lo
g 

P
(z

)

z

K’JIRVB

Figure 7.3: Four examples for photometric redshift fits (see text for details). For each
example object, the uppermost panel shows cut-outs from the MUNICS images in all
six filters together with the photometry aperture. In the middle panel we show the
photometric redshift probability distributions of different galaxy template SEDs (solid
lines) and the total probability distribution (dotted line). In the bottom panel we show
the photometric measurements in B, V , R, I, J and K as filled circles, the best-fitting
galaxy template SED in red, and the best-fitting stellar SED as a blue dotted line. For
both SEDs the expected photometric measurements are indicated by the open circles.
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that this object, although very bright in the optical, is very faint in the K band, and
therefore probably a rather low-mass system.

Secondly, an early-type object at redshift z ' 0.72. The redshift determination
can be regarded as quite secure although there are competing SEDs around the global
peak of the redshift probability function. In this case, the redshift is determined by
the 4000Å break and the steep decline in flux bluer thereof. Because the object is
undetected in B and only barely detected in V , the rest-frame ultraviolet and blue slopes
of the spectrum are not firmly determined and hence slightly differing effective ages
are giving reasonable fits. This uncertainty in age or type translates into an uncertainty
in redshift. Therefore there are competing SEDs at similar but not identical redshifts
contributing to the total redshift probability distribution.

Common to both above examples is that the position in redshift of the global maxi-
mum of the total redshift probability distribution is always compatible with the redshift
one would derive by looking at the probability distribution of the most likely SED.

Thirdly, an early-type object at low redshift (z ' 0.38). In this case the ultravi-
olet part of the SED is even less constrained, yielding a larger number of competing
template SEDs.

The fourth panel in Figure 7.3 shows an object best fit by the SED of an M2 star.
We have used a criterion based on a comparison of the best χ 2 for redshifted galaxy
template SEDs and stellar SEDs to discriminate between star and galaxies, to test the
robustness of the morphological and colour based star-galaxy separation presented in
MUNICS I, hoping to be able to improve the procedure at faint magnitudes. The main
problem hereby is the lack of reliable SEDs for cool stars with the necessary broad
wavelength coverage. Using only this SED based star-galaxy separation instead of the
morphological method does not change the results of this work. Note that we present
an independent measure of the reliability of our star-galaxy separation in Chapter 3,
where we test it against blind spectroscopy.

The photometric redshift histograms for MUNICS_K, MUNICS_I and MU-
NICS_B can be found in Figure 7.4. Note the high redshift tails in the distributions
for MUNICS_K and MUNICS_B, caused by luminous red galaxies at 1 <∼ z <∼ 2 and
the ultraviolet emission of blue galaxies shifted into the B band, respectively. In con-
trast to these distributions the redshift histogram for MUNICS_I shows a rather sharp
redshift cut-off at z ∼ 1.25. A comparison with the deeper I-selected catalog for the
FORS Deep Field (FDF; Heidt et al. 2003, Gabasch et al. 2004a) cut at the limit-
ing I-band magnitude of MUNICS_I shows a similar distribution (upper right-hand
panel in Figure 7.4). The reason for this is that at mI

lim ' 23 mag, the limiting magni-
tude of MUNICS_I, we miss red galaxies at z <∼ 1. These are present in MUNICS_K
(mK

lim ' 19 mag), but have I−K colours up to 5. Obviously, these objects are too faint
in the I band to be detected in MUNICS_I. On the other hand, the high-redshift popu-
lation of blue galaxies escapes detection because their emission peak in the ultraviolet
is still blue ward of the I band.

The redshift distributions presented in Figure 7.4 can be fitted by an analytic func-
tion as shown by Brainerd et al. (1996). For a normalised redshift distribution, this
formula reads:
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Figure 7.4: Upper left-hand panel: Histogram of photometric redshifts for MU-
NICS_I. Upper right-hand panel: Comparison of the redshift distribution in the I-
band selected MUNICS catalogue to the one of a I < 23 sample from the FORS Deep
Field (FDF; Heidt et al. 2003, Gabasch et al. 2004a). Lower left-hand panel: His-
togram of photometric redshifts in MUNICS_K. Lower right-hand panel: Histogram
of photometric redshifts in MUNICS_B.

f (z) =
dN
dz

=
β z2

Γ(3/β )z3
0

exp

(

−
(

z
z0

)β
)

(7.1)

The parameters β and z0 of the best-fitting function for the redshift distributions of
the K, I and B selected catalogues can be found in Table 7.2, while the corresponding
functions are shown in comparison to the redshift distributions in Figure 7.4.

It is also interesting to compare the photometric redshift of an object in the I-
selected (B-selected) catalogue to its photometric redshift in the K-selected (I-selected)
catalogue. In a perfect world, the two should be the same, but small differences in
object centring and differences in the object’s shape in the K and the I image lead
to slightly different photometry. Hence the result is a scatter around the one-to-one
relation, as shown in Figure 7.6. However, the general agreement is extremely good,
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Figure 7.5: Left-hand panels:A comparison of photometric and spectroscopic redshifts
MUNICS_K (top), MUNICS_I (middle) and MUNICS_B (bottom). Filled symbols
are galaxies, open symbols quasars. Right-hand panels: The corresponding histogram
of the redshift differences together with a Gaussian fit showing the quality of the pho-
tometric redshifts.
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Table 7.2: Parameters z0 and β of the best-fitting analytic approximation to the redshift
histogram using the functional form described by Brainerd et al. (1996), as well as the
number of galaxies Ngalaxies in each catalogue and the first M1 = z̄ ≡ ∑z f (z), second

M2 ≡ ∑(z− z̄)2 f (z) and third M3 ≡ ∑(z− z̄)3 f (z) moments of the redshift distribution,
essentially characterising the mean, the width and the skewness of the distribution.

Catalogue Ngalaxies z0 β M1 M2 M3

MUNICS_K 4467 0.159 0.859 0.700 0.191 0.111
MUNICS_I 6180 0.445 1.617 0.613 0.080 0.015
MUNICS_B 9064 0.094 0.717 0.738 0.257 0.207
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Figure 7.6: Upper left-hand panel: A comparison of photometric redshifts from the I-
selected MUNICS catalogue to those from the K-selected MUNICS sample (K ≤ 19).
Upper right-hand panel: The histogram of the redshift differences together with a
Gaussian fit showing the quality of the photometric redshifts. Lower left-hand panel:
Comparison of photometric redshifts from MUNICS_I and MUNICS_B. Lower right-
hand panel: The corresponding histogram.
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Figure 7.7: Plot of the absolute magnitude MI versus the photometric redshift zphot
for MUNICS_I (left-hand panel) and of MB versus zphot for MUNICS_B (right-hand
panel). The different colours denote the different model SEDs, where the colour corre-
sponds roughly to the model colour, i.e. early-type galaxies are shown in red, late-type
galaxies in blue. The dotted line indicates the local value of M∗. The solid lines are
the contours corresponding to 1 and 10 expected objects (see text for details). Objects
spectroscopically classified as active galactic nuclei (AGN) are additionally marked as
open squares

as can be seen from the histogram of redshift differences also shown in the Figure.
Finally, in Figure 7.7 we show the distribution of absolute I magnitude versus pho-

tometric redshift for different model SEDs, ranging from early types (redder colours)
to late types (bluer colours). The distribution of objects is caused by three effects:

1. The more or less horizontal cut-off at high luminosities represents the sharp
drop of the Schechter luminosity function for luminous objects. We can test
whether this is in agreement with expectations using the following method. The
number of expected objects Nobj(M,z) as a function of absolute magnitude M
and redshift z is the product of the survey’s solid angle A, the comoving volume
element dV/dz and the luminosity function Φ(M):

Nobj = A
dV
dz

Φ(M)dzdM (7.2)

Using the local Schechter parameters from Blanton et al. (2001) and convert-
ing them to Vega magnitudes and a standard cosmology (ΩM = 0.3, ΩΛ = 0.7,
H0 = 70 km s−1 Mpc−1), we can derive these expected numbers. In the Figure,
we show the contours of 1 and 10 expected objects in intervals of 1 in M and 0.1
in z, respectively, and it is obvious that there is reasonable agreement with the
actual distribution of objects.

It is also clear from these diagrams that the characteristic luminosity M∗ must be-
come brighter with redshift since one can clearly see a tilt in the high-luminosity
cut-off of the object distribution.
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2. The curved edge at low luminosities is due to the fact that we have a magnitude-
limited sample.

3. The depleted region at low redshifts and medium to high luminosities is a vol-
ume effect. At these redshifts, the volume is small, and since luminous objects
are very rare, we do not see them in our survey.

The objects with very high B-band luminosity in MUNICS_B (see right-hand panel
of Figure 7.7) are likely to be active galactic nuclei (AGN). Indeed, spectroscopically
identified AGN are marked in the Figure, and they are found in this region of the
diagram. Note that the number of spectroscopic AGN is small, and they are mostly
drawn from a sample of AGN selected for their red colour. One would expect a larger
number of AGN in a B-selected sample because of their blue colours.

7.3 Star–Galaxy Separation

For computing statistical properties of the field-galaxy population like its luminosity
function, it is necessary to remove all stars from the analysis. In a photometric cat-
alogue, this can be done in two ways. Either by looking at an object’s morphology
in the image, i.e. whether it appears to be similar to the point-spread function (PSF)
of the image or extended, or by looking at the spectral energy distribution (SED), in
this case as traced by the six-filter photometry, and comparing it to template spectra
of stars and galaxies. The disadvantage of the morphological approach is clearly its
tendency to fail at fainter magnitudes (because of the lower signal-to-noise ratio and
because distant galaxies look more and more compact), while it works reasonably well
at brighter magnitudes (see, e.g., MUNICS I).

For this investigation, we decided to take the second route. The photometric red-
shift technique as described in Section 7.2 compares the photometry in the six MU-
NICS filters to template SEDs of stars and galaxies. Each fit is assigned a χ 2 value,
and we can simply discriminate between stars and galaxies by comparing the χ 2 val-
ues of the best-fitting stellar and the best-fitting galactic SED. More specifically, we
classify all objects as stars for which χ 2

star < χ2
galaxy.

This procedure can be tested by checking against the spectroscopic sample de-
scribed in Chapter 5. This is illustrated in Figure 7.8, where we show the χ2 values of
objects spectroscopically classified as stars or galaxies, respectively, both for the I and
the B-selected catalogue. Clearly, the SED classifier does work very well.

Note that in all comparisons between MUNICS_K, MUNICS_I and MUNICS_B
presented in this Chapter we have used the same χ 2-based classification method. The
corresponding diagram for the K-selected sample can be found in Figure 5.9.
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Figure 7.8: This diagram shows the loci of spectroscopically classified galaxies (open
circles) and stars (crosses) in a plane defined by the χ 2 values of the best-fitting galac-
tic and stellar spectral-energy distributions (SEDs) for the I-band selected MUNICS
catalogue (left-hand panel) and the B-band selected sample (right-hand panel). The
line used to discriminate the two classes is also indicated.



Chapter 8

Galaxy Evolution From Optically
Selected MUNICS Catalogues

In the following we want to present optically selected MUNICS catalogues. These
contain many more objects than the spectroscopic sample (and than many previous
surveys!) and can thus be used to study the evolution of the galaxy population with
high statistical accuracy. Furthermore, the can be used to investigate the influence of
colour selection effects on galaxy surveys. While most of the surveys done until the
1980’s were optically selected (either in the B band or in the I band), we have presented
results from a near-infrared selected galaxy catalogue. The I-band and B-band selected
galaxy samples from the MUNICS survey presented in this Chapter can be used for
comparison with previous work and to study selection effects. Since the MUNICS
spectroscopic sample was pre-selected on the K-band photometric catalogue, we have
to rely on photometric redshifts to determine distances to galaxies.

In this chapter, the second of the two main science chapters of this thesis, we want
to discuss differences between the galaxy populations drawn from the K-band, the I-
band and the B-band selected samples. Furthermore, we present measurements of the
evolution of luminosity functions, the luminosity density and the star formation rate
density. Finally we show an investigation of the connection between star formation
and mass for field galaxies at different redshifts. As in the previous chapter, we will
often refer to the different catalogues as MUNICS_K, MUNICS_I and MUNICS_B
for short.

8.1 Comparison of I- and K-Band Selected Galaxies

We want to investigate the differences of the galaxy populations in K and I-selected
samples. One way of doing this is to study rest-frame colour distributions. Cole et al.
(2001) divided their K-selected sample of local galaxies into three luminosity classes
and looked at the distribution of rest-frame bJ −Ks and J −Ks colours. Note that the
K-band luminosity is a measure of a galaxy’s stellar mass. Their main finding is –
not surprising in a way – that at smaller K-luminosities (i.e. smaller masses) there is a
more and more prominent population of blue, star forming galaxies. It is interesting to
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test this also for higher redshifts and different selection bands.

The red line in the upper left-hand panel of Figure 8.1 shows the B−K rest-frame
colour distributions of K-selected MUNICS galaxies at 0 ≤ z ≤ 1, confirming the re-
sult of Cole et al. (2001). Moreover, we present in this Figure the same distributions
for I-band selected MUNICS galaxies (green line), showing clearly that the main dif-
ference between near-infrared and optically selected samples are the bluer colours of
low-luminosity (low-mass) galaxies. This is even more pronounced for the B-selected
sample shown as a blue line.

Four conclusions can be immediately drawn from this distributions. Firstly, as al-
ready noted by Cole et al. (2001), a population of blue, star forming galaxies con-
tributes more strongly at fainter luminosities. Secondly, this populations becomes
more numerous at bluer selection wavelengths. Thirdly, the colour distribution seems
to be wider at fainter absolute K-band magnitudes (although part of this effect may
be attributed to the larger errors in the rest-frame B−K colour for these objects).
Fourthly, and maybe most importantly, the colour distributions of high-mass galaxies
change very little as a function of redshift. Hence one would not expect much variation
of the bright end of the galaxy luminosity function in different selection bands like K
and I. We will test this in Section 8.2.2.

In the other three panels of Figure 8.1 we present the rest-frame B−K colour dis-
tributions in the two redshift intervals [0.0,0.5] and [0.5,1.0] for MUNICS_K (upper
right-hand panel), MUNICS_I (lower left-hand panel) and MUNICS_B (lower right-
hand panel). First, it is very interesting that the colour distributions agree so well for
the highest luminosity objects (irrespective of the selection filter). Furthermore, there
is a clear trend with redshift in the sense that lower-luminosity objects get bluer. That
means that even at redshift z∼ 1 the increased star-formation rate is dominated by low-
luminosity (low-mass) systems. Finally, it is worth noting that this evolutionary trend
with redshift is barely visible in the K-selected sample, clearly evident in the I-selected
sample, but gets very large in the B-selected sample: Indeed, for the low-mass objects
with −21.75 > MK > −23.00, the shift between redshift z ∼ 0.25 and z ∼ 0.75
is ∆(B−K) ∼ 0.3 for MUNICS_K, ∆(B−K) ∼ 0.7 for MUNICS_I, but as large as
∆(B−K)∼ 1.0 for MUNICS_B!

How can this be interpreted? The rest-frame colour of a galaxy is governed by
the age of its stellar population, its star-formation activity, the metalicity and the dust
content. Let us neglect the influence of metalicity and dust for the moment. The lack
of redshift evolution of the rest-frame colours of high K-band luminosity galaxies over
0 <∼ z <∼ 1 means that these objects must have built up their stellar mass at earlier times.
The fact that also at lower K luminosities galaxies of similar rest-frame colour can be
found even in the higher redshift bin indicates that also part of the lower mass objects
formed early, although the majority of them had (or has) major star-formation activity
at z <∼ 1. It is also clear from these colour distributions that the rise of the star-formation
rate to redshift unity is mostly driven by lower-mass galaxies.
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Figure 8.1: Distribution of rest-frame B−K colours for K-selected (red), I-band se-
lected (green) and B-band selected (blue) MUNICS galaxies, divided into three differ-
ent K-band luminosity classes. Upper left-hand panel: All galaxies with 0 ≤ z ≤ 1.
All other panels: Sub-divided into galaxies with 0 ≤ z ≤ 0.5 (dashed line) and
0.5 ≤ z ≤ 1.0 (dotted line). In each plot, the distribution of Poisson errors is also
shown below the object histograms. Furthermore, typical B−K error bars are also
indicated in every plot.
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Figure 8.2: Example of a total redshift probability distribution (left-hand panel) and
for the probability distribution of the best-fitting galaxy model (right-hand panel) for
an object in the I-selected MUNICS catalogue. The histograms in both panels show
Monte-Carlo approximations to these distributions after 5000 realisations.

8.2 Luminosity Functions

8.2.1 Computing the Luminosity Function

As for the spectroscopic LF presented in Chapter 6, the LF is computed using the
non-parametric Vmax formalism (see Section 6.2, Schmidt 1968). In brief, the V max

formalism accounts for the fact that some fainter galaxies are not visible in the whole
survey volume. In a volume-limited redshift survey, each galaxy i in a given redshift
bin [zlower,zupper] contributes to the number density an amount inversely proportional
to the volume Vi of the survey:

Vi =

zupper∫

zlower

dV
dz

dz, (8.1)

where dV = dΩr2 dr is the comoving volume element and dΩ is the solid angle
covered by the survey. However, due to the fact that we have to deal with magnitude-
limited surveys, a faint galaxy may not be visible in the whole survey volume. Assum-
ing that in a survey with given limiting magnitude galaxy i can be seen out to redshift
zmax, we have to correct the volume factor by V max

i /Vi, where

V max
i =

min(zupper,zmax)∫

zlower

dV
dz

dz. (8.2)

Obviously, we have zmax ≥ zupper for a galaxy which is bright enough to be seen
in the whole volume in investigation, and the correction factor is one. Otherwise,
zmax < zupper, and the volume is smaller than the volume corresponding to the redshift
range in which we compute the LF.
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We have made sure that the effect of the volume correction is of importance only
in the faintest bin in absolute magnitude, and that even in this case the correction is
small.

Additionally, the contribution of each galaxy i is weighted by the inverse of the
detection probability P(mdet,i) of the parent catalogue. The LF Φ(M) is then computed
according to the formula

Φ(M)dM = ∑
i

Vi

V max
i

1
Vi

1
P(mdet,i)

dM, (8.3)

where the sum runs over all objects i in the redshift range for which we want to
calculate the LF. Naturally the volume terms can be simplified to 1/V max

i .
We include two effects in the total error budget of the luminosity function. Firstly,

the limited number of objects in each magnitude bin produces statistical uncertainties.
Secondly, the errors in the photometric redshift estimates have some influence on the
luminosity function.

The statistical errors are derived using Poissonian statistics, following the approxi-
mations by Gehrels (1986) and Ebeling (2003)1 for approximation of Poissonian errors
for small numbers.

To investigate the influence of photometric redshift errors on the luminosity func-
tion, we perform Monte-Carlo simulations. In these simulations, we take the original
input catalogue used for deriving the luminosity function, and assign to each object
a redshift within the redshift error distribution given by the photometric-redshift al-
gorithm. The shape of this probability distribution is taken into account as shown in
Figure 8.2. In principle, there are two ways of doing this. Either one uses the redshift
probability distribution of the best-fitting SED (right-hand panel in Figure 8.2, or the
sum of the probability distributions of all SEDs (the total probability distribution) as
shown in the left-hand panel of the figure. One might expect the total probability dis-
tribution to have the advantage that it accounts better for systematic uncertainties in
the SED fitting. However, we have carried out careful tests which show that the errors
derived from the total distribution are not significantly different from the ones for the
best distribution. This is most likely due to the fact that the probability distribution
for the best-fitting SED usually dominates the total distribution. Since the total dis-
tribution also takes more Monte-Carlo realisations to converge, we decided to use the
probability distribution of the best-fitting SED for our simulations.

The errors are then computed as follows. The Poisson error and the standard devia-
tion around the mean derived from the Monte-Carlo simulations are summed quadrati-
cally. In addition, any difference between the measured value for the LF in a magnitude
bin and the mean from the Monte-Carlo simulations is considered a measure of sys-
tematic errors. This is also added quadratically, but only in one direction, i.e. if the
Monte-Carlo mean is higher than the measured value the upper error bar is enlarged,

1Note that MNRAS managed to mess up Table 1 in Ebeling (2003), where, for the positive coeffi-
cients, the exponent was replaced by the leading digit. However, the correct values can be obtained from
the preprint version astro-ph/0301285 (Ebeling, private communication), or now from an Erratum
(Ebeling 2004).
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Figure 8.3: The influence of the selection band on the LF. We compare the B-band
LF at redshift z = 0.5 derived from the I-selected MUNICS catalogue (green symbols
and green line) to the one derived from the K-selected catalogue (red symbols). The
agreement is obviously very good. As a reference we also show the local SDSS B-band
LF (Blanton et al. 2001, dotted line).

but not the lower one. All our χ 2 fitting routines, both for the Schechter parameters
and for the LF evolution, can handle asymmetric errors.

8.2.2 The Influence of the Selection Band

One important application of catalogues selected in different wavelength regimes is
a test of the influence of selection effects on statistical quantities like the luminosity
function (LF). To illustrate these effects, we show in Figure 8.3 as a typical example
the comparison of B-band LFs at redshift z = 0.5 from the K and I-band selected
catalogues. It is evident that the LFs agree very well at the bright end. At the faint
end, the agreement is still very good, but it is also clear that the I-selected data reach
to fainter B-band luminosities than the K-band data. Thus, to the MUNICS depths,
the influence of the detection band even on optical LFs is not dramatic. This is in
agreement with our expectations from the rest-frame colour distributions presented in
Section 8.1.

8.2.3 Luminosity Function from the I-Selected Sample

In this Section we present luminosity functions from the I-selected MUNICS sample
at redshifts z ' 0.5, z ' 0.7, z ' 0.9 and z ' 1.1. The B-band luminosity function
results are presented in Figures 8.4 and 8.5, the I-band LF in Figures 8.6 and 8.7, and
the K-band LF in Figures 8.8 and 8.9.

We summarise the parameters Φ∗, M∗ and α of the Schechter fits in Table 8.1.
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Figure 8.4: The B-band LF from the I-selected catalogue at redshifts z = 0.5 (upper
left-hand panel), z = 0.7 (upper right-hand panel), z = 0.9 (lower left-hand panel) and
z = 1.1 (lower right-hand panel). One can clearly see the effect of brightening and
decreasing number density with increasing redshift z.

Note that we have kept the faint-end slope α fixed to the local value during the fitting
process since the MUNICS data do not constrain the slope very well.

8.2.4 Luminosity Function Evolution

To estimate the rate of evolution of the Schechter parameters Φ∗ and M∗ with redshift,
we define evolution parameters π and µ as follows:2

2Our parametrisation is identical to the one chosen in Gabasch et al. (2004a) (with parameters a and
b) and equivalent to the form Φ ∝ (1 + z)P, L ∝ (1 + z)Q sometimes found in the literature (especially in
the context of radio-source evolution). The parameters translate as follows:

π = b = P and µ = a = −2.5Q
ln10

. (8.4)
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Figure 8.5: The B-band LF from the I-selected catalogue: Schechter contours (upper
left-hand panel), evolutionary parameters (upper right-hand panel), Φ∗ versus z (lower
left-hand panel) and M∗ versus z (lower right-hand panel).

Φ∗ (z) = Φ∗ (0) (1 + z)π ,

M∗ (z) = M∗ (0) + µ ln (1 + z) , and (8.5)

α (z) = α (0) ≡ α .

As local comparison we use the LFs from the Sloan Digital Sky Survey (SDSS;
York et al. 2000) presented in Blanton et al. (2001). (We do not use the LFs pre-
sented in Blanton et al. (2003).) We show the resulting evolutionary estimates for the
I-selected MUNICS catalogue and the LF in the rest-frame B, I and K filter in Fig-
ure 8.10. The corresponding values for the evolutionary parameters π and µ can be
found in Table 8.2.

We find 2σ evidence for evolution in Φ∗ for all filters, and the same for evolution
in M∗ except for the K band, where the M∗ is compatible with no evolution within 2σ .
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Figure 8.6: The I-band LF from the I-selected catalogue at redshifts z = 0.5 (upper
left-hand panel), z = 0.7 (upper right-hand panel), z = 0.9 (lower left-hand panel) and
z = 1.1 (lower right-hand panel). One can clearly see the effect of brightening and
decreasing number density with increasing redshift z.

Also, there is a clear trend in the sense that the evolution becomes stronger in bluer
pass-bands. In the Figure we also show the line of constant luminosity density ρL. The
evolution of the LF parameters seems to follow this relation rather closely, however,
the luminosity density (as derived from the Schechter function!) in the B band seems
to increase slightly with redshift while the one in the K band decreases mildly.

We would like to compare our results for the redshift evolution of the LF to other
studies in a qualitative way. At the lowest redshifts, Loveday (2004) used the SDSS
(York et al. 2000) data to study the evolution of the optical LF from z = 0 to z = 0.3. He
claims to see strong evolution over this redshift interval with an increase of the number
density of bright galaxies by a factor of ≈ 3. Unfortunately, our survey’s volume at
low redshifts is too small to study this in more detail.

Other authors have studied the evolution of the LF from optically selected, al-
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Figure 8.7: The I-band LF from the I-selected catalogue: Schechter contours (upper
left-hand panel), evolutionary parameters (upper right-hand panel), Φ∗ versus z (lower
left-hand panel) and M∗ versus z (lower right-hand panel).

though much smaller samples to z ∼ 1, most notably Lilly et al. (1995c) from an
I-band selected spectroscopic survey, showing reasonable agreement with our results.
Type-dependent LF estimates were presented by, e.g., Lin et al. (1999), Wolf et al.
(2003).

The same evolutionary trend for the LF can be seen out to higher redshifts:
Gabasch et al. (2004a, b), Gabasch (2004) use the deep I-band selected FORS Deep
Field (FDF; Heidt et al. 2003) to trace the evolution of the LF from the ultraviolet to
the near-infrared out to redshifts z ∼ 5 finding similar results to the ones presented
here. That dataset is complimentary to our catalogue, since the FDF lacks the large
local volume of MUNICS which allows us to study the lower redshift part of the evo-
lution with high statistical accuracy. Ilbert et al. (2004) studied optical LFs from the
VIMOS-VLT Deep Survey (Le Fèvre et al. 2004) and found similar results.
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Figure 8.8: The K-band LF from the I-selected catalogue at redshifts z = 0.5 (upper
left-hand panel), z = 0.7 (upper right-hand panel), z = 0.9 (lower left-hand panel) and
z = 1.1 (lower right-hand panel). One can clearly see the effect of brightening and
decreasing number density with increasing redshift z.

8.3 The Galaxy Luminosity Density

It is also interesting to follow the redshift evolution of the luminosity density in differ-
ent wavebands. The luminosity density ρL is defined as the integral of the luminosity
function Φ(L), i.e.

ρL =

∞∫

0

LΦ(L)dL. (8.6)

For a Schechter-type luminosity function as defined in equation (1.22) with param-
eters Φ∗, M∗ and α the luminosity density can be simply computed from

ρL = Φ∗ L∗ Γ(α +2) (8.7)
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Figure 8.9: The K-band LF from the I-selected catalogue: Schechter contours (upper
left-hand panel), evolutionary parameters (upper right-hand panel), Φ∗ versus z (lower
left-hand panel) and M∗ versus z (lower right-hand panel).

where Γ is the gamma function. Hence there are two different ways for computing
ρL. One could either fit a Schechter function to the measured luminosity function data
and then calculate the luminosity density following equation (8.7), or one can simply
sum up the binned luminosity function values. For the second case one has to correct
for incomplete sampling of the LF at the faint end: Assume that we can measure the
LF reliably for luminosities larger than Llim. Then we would add up all the LF values
with L ≥ Llim and correct the measured luminosity density by a factor based on the
Schechter fit to the LF:

ρL =








∞∫

0
LΦ(L)dL

∞∫

Llim

LΦ(L)dL








∑
L≥Llim

Φ(L)∆L. (8.8)

We have performed both calculations and show both the ‘directly summed’ and
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Table 8.1: Schechter parameters Φ∗ and M∗ and α for the LFs in the B, I and K band
derived from MUNICS_I.

〈z〉 Φ∗ M∗ α Mlim min(χ2
red)

[10−3 Mpc−3] [mag] [mag]
B-band LF:
0.5 3.28±0.52 −21.57±0.20 −1.25 −18.0 0.60
0.7 3.78±0.82 −21.44±0.20 −1.25 −19.0 1.16
0.9 3.14±1.18 −21.55±0.29 −1.25 −20.0 1.17
1.1 2.68±1.80 −21.81±0.37 −1.25 −21.0 0.71
I-band LF:
0.5 2.40±0.37 −23.55±0.22 −1.25 −20.0 0.27
0.7 2.58±0.58 −23.42±0.22 −1.25 −21.0 1.10
0.9 3.70±1.03 −23.06±0.22 −1.25 −21.0 0.31
1.1 1.62±0.60 −23.73±0.26 −1.25 −22.0 0.52
K-band LF:
0.5 2.90±0.42 −25.06±0.18 −1.12 −22.0 0.45
0.7 3.22±0.62 −24.91±0.16 −1.12 −23.0 0.83
0.9 3.08±0.77 −24.74±0.19 −1.12 −23.0 1.24
1.1 2.18±1.03 −25.09±0.28 −1.12 −24.0 0.28
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Figure 8.10: Estimates for the evolutionary parameters π and µ (1σ and 2σ contours)
for the B-, I- and K-band LFs computed on MUNICS_I. The solid lines show constant
Φ∗ and M∗, respectively, the dotted line indicates constant luminosity density, i.e.
π = ln10

2.5 µ ' 0.921µ .
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Table 8.2: Parameters π and µ for the evolution of the LFs in the B, I and K band
derived from MUNICS_I.

Filter π µ min(χ2
red)

B −1.76±0.24 −2.03±0.23 1.24
I −1.00±0.27 −1.05±0.28 1.07
K −0.62±0.20 −0.48±0.20 1.07

the ‘LF derived’ value for the luminosity density ρL. Our results are presented in
Figure 8.11

In the ultraviolet, there is a marked increase in the luminosity density to redshift
one, and a slightly slower increase thereafter. In the B band the trend is very similar
with clearly shallower slope at z < 1 and a plateau at z ' 1. The luminosity density
in the I filter is then more or less flat, and in K there might even be a small decrease
in ρL. The behaviour observed in B, I and K agrees with the evolutionary trend of
the luminosity function as shown in Figure 8.10, where the most likely evolutionary
parameters for B, I and K are slightly above, just on and slightly below the line of
constant ρL, respectively.

8.4 The Star-Formation Rate Density as a Function of Red-
shift

The star formation rate density (SFRD) as a function of redshift has developed into
a powerful tool to investigate the build-up of stellar mass in galaxies. Defined as the
integrated star formation rate (SFR) per unit comoving volume, the SFRD ρ̇? has been
used to study star formation activity in galaxy populations out to z ∼ 6 (e.g. Lilly et al.
1996, Madau et al. 1996, 1998, Steidel et al. 1999b, Bouwens et al. 2004, Gabasch
et al. 2004c). In all these studies, the SFR is determined either from the UV continuum
luminosity (Madau et al. 1998) or from emission line fluxes (Kennicutt 1992, Rosa-
González et al. 2002).

There has been some debate in the literature about the slope of the SFRD at low
redshifts which can be described as

ρ̇? (z) = σ (1+ z)ζ (power-law model) (8.9)

where σ , the SFRD at z = 0, and ζ are free parameters. While some argue for
a steep rise as ζ ' 4 (Lilly et al. 1996, Tresse et al. 2002), others find a much shal-
lower slope of ζ ' 1.7 (Cowie et al. 1999, Sullivan et al. 2000) (see the summary
in Table 8.3). We will try to answer this question with our large sample of galaxies,
combined with galaxies from the FORS Deep Field project (Heidt et al. 2003).

The low-redshift slope of the SFRD is also important as a test of galaxy formation
models. Recently, Hernquist & Springel (2003) (HS2003 hereafter) have proposed an
analytical model for the SFRD based on hydrodynamic simulations. They identify two
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Figure 8.11: The luminosity density of galaxies at λ ' 2800Å (upper left-hand panel,
in the B band (upper right-hand panel), in the I band (lower left-hand panel) and in
the K band (lower right-hand panel). The MUNICS_I measurements are shown as
green filled and open circles for the directly summed and the LF integrated luminosity
density, respectively. Literature values (open symbols) were taken from Lilly et al.
(1996), Gabasch et al. (2004a), Blanton et al. (2001), Kochanek et al. (2001), Wolf
et al. (2004) and my own measurement from the 6dFGS (see Section 6.8).

regimes: While the SFRD at high redshift is dominated by the gravitational growth of
the halo mass function, its low-redshift behaviour scales with the cooling rate of the gas
in the haloes. HS2003 propose a simple approximation to the SFRD at low redshifts

ρ̇? (z) = σ
(

H(z)
H0

)q

(HS2003 model). (8.10)

From their simulations they derive q ≈ 4/3, only weakly dependent on details of
the gas physics, and propose this slope as a test for their galaxy models. We will test
this prediction for the low-redshift slope of the SFRD in this Section.



120 CHAPTER 8. EVOLUTION OF OPTICALLY SELECTED GALAXIES

Table 8.3: Summary of results concerning the slope of the SFRD at low redshift.

Reference Tracer ζ
Lilly et al. (1996) L2800 3.9±0.75
Hogg et al. (1998) [OII] ' 4
Cowie et al. (1999) L2500 ' 1.5
Sullivan et al. (2000) L2000 ' 1.7
Tresse et al. (2002) Hα 4.1±0.3
Teplitz et al. (2003) [OII] ' 4

To measure the SFRD, star-formation rates (SFRs) were derived from the ultravi-
olet luminosity at λ ∼ 2800Å as described in Madau et al. (1998):

SFR
M�yr−1 = const.

L2800

ergs−1 Hz−1 , (8.11)

where L2800 is the galaxy’s luminosity at 2800Å, const. = 1.266 · 10−28 for a
Salpeter initial mass function (IMF; Salpeter 1955), and const. = 1.961 · 10−28 for
a Scalo IMF (Scalo 1986). In the following we will assume a Salpeter IMF. The ul-
traviolet luminosity for the MUNICS galaxies was computed from the spectral energy
distributions fitted to the photometry by the photometric redshift code. Literature data
were taken from the compilation of Somerville et al. (2001).

The SFRD is then computed by summing the luminosities of all galaxies brighter
than some minimum luminosity in the redshift interval in consideration. We then cor-
rect for incompleteness by fitting Schechter functions to the luminosity functions in
the redshift bins, and correcting for the lost flux fainter than the luminosity limit. Note
that we do not correct for dust extinction, but since we are interested in the slope of
the SFRD rather than its absolute values this should not affect our results.

We combine our MUNICS data with measurements of the SFRD in the FORS
Deep Field (FDF, Heidt et al. 2003, Gabasch et al. 2004a, c).

Our measurement of the SFRD is presented in Figure 8.12, together with pre-
viously published determinations of the SFRD derived from the luminosity at λ '
2800Å. It is clear from this Figure that our measurement of the SFRD has a much
shallower slope at low redshifts than previously suggested. Indeed, the SFRD seems
to drop by a factor of ≈ 2 rather than by ≈ 10 between redshifts z = 1 and z = 0.

We estimate the parameters (σ ,ζ ) of the power-law model and (σ ,q) of the model
by HS2003 by minimising χ 2 taking into account the statistical errors of the MUNICS
and FDF measurements. We exclude all FDF data points with z < 0.3 (where we
cannot sample the bright end of the luminosity function) and z > 1.5 (where the SFRD
reaches its peak or flattens). The best-fitting models are shown in the left-hand panels
of Figure 8.12, and their parameters are listed in Table 8.4.

We find that the SFRD increases essentially linear with (1 + z) over the redshift
range 0.5 ≤ z ≤ 1.5. This is in reasonable agreement with the measurements by Cowie
et al. (1999) and Sullivan et al. (2000) (both of which do not give error estimates),
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Figure 8.12: Left-hand panels: The SFRD at redshifts z < 2 as derived from L2800.
MUNICS and FDF measurements are shown as filled circles and squares, respectively,
while literature data are indicated by open symbols for comparison. Note the consider-
ably smaller error bars on the MUNICS and FDF data. The × symbol at z = 0.1 with
its error bars gives an idea of the range and scatter of local measurements (see text for
details). The solid lines represent our best-fitting models for the low-redshift SFRD,
once for the power-law model (upper panel) and for the HS2003 model (lower panel).
The right-hand panels show the 1σ and 2σ error contours of our χ 2 fits.

but inconsistent with the (1+ z)4 evolution reported by Lilly et al. (1996), Hogg et al.
(1998), Tresse et al. (2002) and Teplitz et al. (2003).

A fit of the HS2003 model yields an exponent q of q = 1.03 ± 0.13. This is
only marginally shallower than their prediction of q ≈ 4/3: Their prediction deviates
roughly 2σ from our measurement. As described in Hernquist & Springel (2003), the
SFRD is mostly governed by gas cooling, with the slope mainly determined by cos-
mology. The fact that we measure a marginally shallower slope could indicate some
influence of the cooling rate on the slope. Indeed, the cooling rate might decrease
slower than in their model, or metal enrichment might play a role during that epoch,
as discussed in their paper.
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Table 8.4: Best-fitting parameters for the power-law and the HS2003 models. σ is
measured in units of M� yr−1 Mpc−3.

Model log σ ζ /q min χ2
red

Power-law: −1.89±0.03 1.09±0.14 0.70
HS2003: −1.82±0.02 1.03±0.13 0.94

Comparing this to the range of local measurements for the SFRD (indicated by the
point with error bars at z = 0.1 in Figure 8.12, shows good agreement between with
the values extrapolated from our fits. The estimate of the local value is based on the
measurements by Gallego et al. (1995), Gronwall (1999) and Sullivan et al. (2000),
using the values given in Table A2 of Somerville et al. (2001) for the first two.

8.5 Downsizing: Connecting Star Formation and Stellar
Mass

Cowie et al. (1996) noticed that with increasing redshift the locus of galaxies with
large rest-frame [OII] equivalent width (a measure of star formation activity) moved to
higher absolute K-band luminosities (a measure of stellar mass). We show their origi-
nal plot in Figure 1.9. This effect, which they called “downsizing”, can be interpreted
in the sense that the most massive galaxies had their epoch of major star formation at
earlier times (see also Section 1.3.4).

We want to verify this effect with the K and I-selected MUNICS samples. As
in Section 8.4 we use the ultraviolet continuum around λ = 2800Å to derive star-
formation rates for the MUNICS galaxies. We investigate the connection between
star-formation rate and stellar mass by correlating the SFR with the absolute K-band
magnitude at various redshifts. Furthermore, we also estimate the stellar masses of the
MUNICS galaxies by fitting stellar population synthesis models by Bruzual & Charlot
(2003) to the MUNICS broad-band photometric data (N. Drory, private communica-
tion).

In Figure 8.13 we show a variation of Cowie et al.’s original diagram replacing
the [OII] (λ = 3727Å) equivalent width by the SFR derived from the UV continuum.
In this Figure we show both the K and the I-selected MUNICS galaxies as magenta
and red symbols, respectively. First of all we note that there is no marked differ-
ence between the two catalogues. Secondly, it is obvious that there is clear evolution
with redshift. While at low z the distribution is rather narrow with a small fraction
of galaxies with much higher star-formation rates, it gets much broader with increas-
ing redshift. In contrast to Cowie et al.’s finding there does not seem to be a lack of
high-mass star-forming galaxies at low redshift. It rather seems that there is a general
rise in the average star-formation rate with redshift, in agreement with the findings of
Section 8.4.

The difference between our result and the findings by Cowie et al. (1996) may be
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Figure 8.13: SFR versus absolute K-band magnitude for MUNICS_K (red symbols)
and MUNICS_I (green symbols). See the text for details.

due to two effects. First, there sample is rather small so that they might have missed
the rare high-mass star-forming galaxies in their tiny local volume. Secondly, they plot
the [OII] equivalent width instead of the SFR. While this reduces uncertainties from
the conversion of line flux to SFR, it also may make the effect of downsizing look
more pronounced because the SFR of a galaxy is computed from the [OII] equivalent
width according to

SFR ' 7 ·10−12 EW[OII]

LB

LB,�
(8.12)

(Kennicutt 1992, Rosa-González et al. 2002). I.e. the SFR is proportional to the
product of the equivalent width and the (B-band) luminosity of a galaxy. Now for the
majority of galaxies LB and LK will be correlated, so that for the high-mass (large LK)
galaxies the SFR might be high even if the [OII] equivalent width is not extreme. On
the other hand, low-luminosity galaxies with large equivalent widths may not produce
much mass. We can test this by converting our SFRs as derived from the ultraviolet
continuum to [OII] equivalent widths according to equation (8.12). The result is shown
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Figure 8.14: [OII] equivalent width versus absolute K-band magnitude for MU-
NICS_K (red symbols) and MUNICS_I (green symbols). See the text for details.

in Figure 8.14. The distribution of galaxies now looks completely different, and indeed
much more similar to Figure 1.9 from Cowie et al. (1996).

Another way to look at this is the “specific SFR” (SSFR, Brinchmann & Ellis
2000), which is defined as the SFR per unit stellar mass.

Stellar masses are computed from the multi-colour photometry using a method
similar to the one used in Drory et al. (2004a). It is described in detail and
tested against spectroscopic and dynamical mass estimates in Drory, Bender & Hopp
(2004b). In brief, we derive stellar masses by fitting a grid of stellar population syn-
thesis models by Bruzual & Charlot (2003) with a range of star formation histories
(SFHs), ages, metalicities and dust attenuations to the broad-band photometry. We
describe star formation histories (SFHs) by a two-component model consisting of a
main component with a smooth SFH ∝ exp(−t/τ) and a burst. We allow the SFH
timescale to vary in τ ∈ [0.1,∞] Gyr, the metalicity in−0.6 ≤ [Fe/H] ≤ 0.3, the age
between 0.5 Gyr and the age of the universe at the objects redshift and the extinction
in 0 ≤ AV ≤ 1.5.

In Figure 8.15 we show the SSFR as a function of stellar mass for four different
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Figure 8.15: The specific SFR (i.e. the SFR per unit stellar mass) as a function of
stellar mass for MUNICS_I. The solid line corresponds to a SFR of 1 M� yr−1. A
SFR of 5 M� yr−1 is depicted by the dashed line. While this is a good measure of
the upper envelope of the majority of objects at z ∼ 0.5, the point distribution shifts to
higher SSFRs with increasing redshift. The dotted lines indicate the limits of the point
distribution due to magnitude limits, the model SED set and the mass function. See the
text for details. The dash-dotted line is the SSFR required to double a galaxy’s mass
between each redshift epoch and today (assuming constant SFR); the corresponding
look-back time is indicated in each panel.

redshift bins. A number of observations can be made in this plot, but let us first discuss
the limits of the point distribution as indicated by the dotted lines.

• The sharp cut-off at the high mass end at logMstar/M� ' 11.5 is likely to be pro-
duced by the high-mass cut-off of the stellar mass function (see also Figure 1.7).
As expected, the location of this cut-off does not vary strongly with redshift over
the redshift range we are sampling with MUNICS_I.

• The lower limit at log SSFR ' −11.3 is due to the fact that data points fit by
the same model spectral energy distribution (SED) occupy horizontal slices in
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Figure 8.16: Same as Figure 8.15, but for MUNICS_B.

the diagram, with the reddest (oldest, least active) galaxies at the bottom and
subsequently bluer models along the distribution to higher values of log SSFR
(this can be also seen in the distribution of model ages in Figure 8.18). Thus the
lower part of the point distribution always corresponds to one (comparatively
old) SED, yielding a horizontal cut-off since for one particular SED there is
a linear correlation between the ultraviolet luminosity (∝ SFR) and the near-
infrared luminosity (∝ Mstar).

• Finally, the limit of the point distribution to the left of the diagram is due to the
limiting magnitudes in all filters of the MUNICS survey. This is apparent from
Figures 8.16 and 8.17, where we show the same diagram for the MUNICS_B
and MUNICS_K samples, respectively. For MUNICS_B the limit of the distri-
bution runs parallel to a line of constant star-formation rate (B-band selection
is indeed equivalent to a selection in SFR!), but we obviously miss high-mass,
low-SFR objects at higher redshifts (they are very red and thus too faint in B).
The selection line then becomes gradually steeper going from MUNICS_B to
MUNICS_I and MUNICS_K, with the K band coming closest to a selection in
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Figure 8.17: Same as Figure 8.15, but for MUNICS_K.

stellar mass.

The first and maybe most important result which can be derived from this diagram
is that there is an upper bound on the SSFR (with a few galaxies with even higher
SFRs which are likely starburst galaxies or AGN). It runs parallel to lines of constant
star-formation over a wide range of masses M >∼ 109M� and at all redshifts, meaning
that this upper limit of the SFR does not depend on galaxy mass. Furthermore, this
maximum SFR is generally increasing with increasing redshift for all stellar masses,
from SFR ' 5M� yr−1 at z ' 0.5 to SFR ' 10M� yr−1 at z ' 1.1. Note that, while the
lower part of the SSFR in the diagram is affected by incompleteness, the constraints
on the upper envelope are robust. This is evident from Figure 8.19 where we show the
histogram of the SFR for the four different redshift bins, clearly showing the increase
of the maximum SFR with redshift.

Hints for a shift of this upper envelope to higher SSFRs with redshift were already
noted by Brinchmann & Ellis (2000) and Bauer et al. (2004) from smaller galaxy
samples, but our large sample of more than 6000 galaxies allows to constrain this
change in a much more robust way.
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Figure 8.18: Same as Figure 8.15, but objects coloured according to the age of the CSP
model fit to the photometry, ranging from 9 Gyr (red) to 0.05 Gyr (purple). The error
cross in each panel gives an idea of the typical errors.

Finally we indicate the SSFR needed to double a galaxy’s stellar mass between the
epoch of observation and today (assuming a constant SFR). Clearly, the most massive
galaxies are well below this line at all redshifts, indicating that they formed the bulk
of their stars at earlier times, in agreement with the age distribution discussed above.
This also means that star formation contributes much more to the mass build-up of less
massive galaxies than to high-mass systems. While between redshifts z = 1 and z = 0
the mass of a 1011M� system would typically change by ∼ 40% due to star formation,
the mass of 1010M� galaxies would grow by a factor of ∼ 5 and that of 109M� systems
by a factor of ∼ 40. This example assumes a constant SFR of ρ̇? = 5 M� yr−1 over a
period of 7.7 Gyr which, as will be shown below, is likely to be unrealistic (at least for
the lower-mass systems).

The same diagram, also for the I-band selected MUNICS catalogue, is shown in
Figure 8.18 for different ages of the CSP model fitted to the broad-band photometry.
It is clear from this Figure that the most massive galaxies contain the oldest and also
the least active stellar populations.
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Figure 8.19: Normalised histogram of the SFR for the four different redshift bins used.
The shift of the maximum to higher SFRs with increasing redshift is clearly visible.

We can also infer from Figure 8.18 that star formation in lower mass galaxies
cannot proceed at constant SFR for a long time: All galaxies above the dot-dashed
line in the diagram have the potential to double their stellar mass between the epoch
of observation and today (assuming a constant SFR). While lower mass galaxies at
low redshift tend to be gas rich, their is a large spread in measured gas-to-stellar-mass
fractions (Mateo 1998, Pérez-González et al. 2003, Kannappan 2004). However, very
gas-rich systems are rare (Davies et al. 2001), i.e. the majority of these galaxies does
not have huge gas supplies, which might lead us to believe that low-mass galaxies
cannot exhibit constant star formation over longer time-scales, but show variable star
formation histories, as they are derived for dwarf galaxies in the Local Group (see
e.g. Mateo 1998, Tosi 2001, Grebel 2004 for reviews). It is not possible to say from
our data whether we see these galaxies in the process of formation or during one of
multiple episodes of active star formation. However, it is likely that we pick them up
during an active phase of star formation. Also, it is clear from the completeness limits
that we cannot detect low-mass galaxies with low SSFR.

Considering the high-mass end, we can try to draw some conclusions about the
contributions of star formation and merging to the change of stellar mass. Between
redshifts z ' 1.1 and z ' 0.5, the characteristic mass of the cut-off of the galaxies’
stellar mass function changes by ∆ logM ' 0.15 dex (Drory et al. 2004a, Fontana
et al. 2004, Conselice et al. 2004). For a M? = 1011 M� stellar mass galaxy, a constant
SFR of ρ̇? = 5 M� yr−1 over a period of time of ∆t = 3.1 Gyr (the difference in time
between these redshift values), yields a growth in stellar mass of ∆M? ' 2 ·1010 M�, or
∆ logM? ' 0.1 dex. Considering the uncertainty of the results and our lack of knowl-
edge about the star formation histories of these galaxies, we cannot really decide about
the relative importance of star formation and merging. We note, however, that our re-



130 CHAPTER 8. EVOLUTION OF OPTICALLY SELECTED GALAXIES

sults on the growth of stellar mass does not require a substantial contribution of merg-
ing over the redshift range 0 <∼ z <∼ 1.



Chapter 9

Summary and Conclusions

In this Chapter we will summarise our results and discuss them in the context of our
ideas of galaxy formation and evolution.

9.1 Summary of Results

This thesis presented work on galaxy evolution from a near-infrared selected galaxy
redshift survey and much larger optically selected galaxy catalogues where distances
were derived from photometric redshifts. All this work is based on the data of the
Munich Near-Infrared Cluster Survey (MUNICS) described in Chapter 2. I presented
details of the selection of objects for spectroscopy, the spectroscopic observations and
the data reduction in Chapters 3 and 4. Chapter 5, on the other hand, discusses proper-
ties of objects in the spectroscopic catalogue like the redshift distribution, the redshift
accuracy and the stellar content. Technical details for the optically selected photomet-
ric samples are summarised in Chapter 7.

More important than the technical aspects of this work are, of course, the scientific
results presented in Chapters 6 and 8. In this thesis I have derived the following results
concerning the evolution of galaxies in the range 0 <∼ z <∼ 1:

• The Luminosity Function changes with increasing redshift in the sense that
the characteristic luminosity increases but the number density decreases. This
effect is smaller at rest-frame near-infrared wavelengths (see Chapter 6) and gets
more pronounced at shorter wavelengths (see Section 8.2). This evolutionary
trend continues to higher redshifts (Gabasch et al. 2004a, b, Gabasch 2004).
Furthermore we could show that luminosity functions derived from catalogues
based on different selection bands do not differ at the bright end: The brightest
galaxies are sampled by all selection methods, however, differences may arise
at the fainter part of the luminosity function.

• The Luminosity Density rises from z ∼ 0 to z ∼ 1. The slope of this increase is
steepest in the ultraviolet regime, gets shallower at optical bands and is slightly
falling in the near-infrared (see Section 8.3). This is in agreement with the results
on the evolution of the luminosity function (Section 8.2). It is also consistent
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with the evolution of the Star Formation Rate (usually measured in solar masses
per year, see below): At z >∼ 1, the star-formation rate is high, and thus the K-
band luminosity density increases with time. The drop of the star-formation rate
at z <∼ 1, on the other hand, yields a less pronounced increase of the K-band
luminosity density with time. Since the K-band luminosity is a measure of a
galaxy’s stellar mass, this can be understood as a slightly rising mass density
due to star formation (assuming a constant mass-to-light ratio over this redshift
range).

• A study of rest-frame B−K colour distributions for the three different selec-
tion bands and different redshifts allows important conclusions about selection
effects and the evolution of galaxy populations. First, we could show that the
selection band influences the colour distributions only for objects with low K-
band luminosities (small stellar masses), while the distributions look remarkably
similar for high-mass galaxies. Secondly, the colour distributions get wider and
bluer with decreasing K luminosity, indicating a higher average star-formation
rate and a wider distribution of star-formation rates for less massive galaxies.
Thirdly, there is strong colour evolution with redshift for the redshift interval
0 <∼ z <∼ 1 in the sense that with increasing redshift galaxies become bluer (i.e.
have larger star-formation activity). This can hardly be seen for the most mas-
sive galaxies, but becomes more and more so for the lowest mass galaxies. Also,
the trend becomes stronger going from K-band selection to B-band selection.
This means that the increase in star formation rate from redshift zero to one is
largely driven by lower mass galaxies, and that the most massive galaxies have
assembled the bulk of their stellar mass before redshift unity.

• From our large photometric catalogue, in combination with data from the FORS
Deep Field (FDF, Heidt et al. 2003), we could determine the Star Formation
Rate Density from the ultraviolet luminosity at λ ' 2800Å in the redshift range
0 <∼ z <∼ 1 with very high accuracy. We see evidence for a shallow rise of the star
formation rate density from the local universe to redshift one, with an increase
of a factor ≈ 2 rather than the often quoted factor of ≈ 10. The slope can be
well approximated by a function of the form ρ̇? ∝ (1+z)ζ with ζ = 1.09±0.14,
close to a linear relation with redshift. Previously reported results according
to which the star formation rate density rises steeply as (1+ z)4 are inconsistent
with our measurement. The local value extrapolated from this relation is in good
agreement with previously measured values of the star formation rate density at
z ' 0.

• We also compare the slope of the star formation rate density at low redshift to
the model by Hernquist & Springel (2003), an analytic approximation to hydro-
dynamic simulations of galaxy formation. They predict a value of q ≈ 4/3 for
the exponent in their model. We show that their model is in good agreement
with the data. Our measurement of q = 1.03± 0.13 is slightly shallower than
their prediction, but agrees within roughly 2σ . As described in Hernquist &
Springel (2003), the star formation rate density is mostly governed by gas cool-
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ing, with the slope mainly determined by cosmology. The fact that we measure
a marginally shallower slope could indicate some influence of the cooling rate
on the slope. Indeed, the cooling rate might decrease more slowly than in their
model, or metal enrichment might play a role during that epoch, as discussed in
their paper.

• In the 1990s, Cowie et al. (1996) investigated a small, near-infrared selected
spectroscopic sample of galaxies and saw evidence that at higher redshifts pro-
gressively more massive galaxies are undergoing rapid star formation, an effect
they called downsizing. We investigated this effect using our large MUNICS
sample based on photometric redshifts and deriving star-formation rates from
the ultraviolet continuum emission of the galaxies. We could not fully confirm
the observations by Cowie et al. (1996): The presence of strongly star-forming
galaxies with high K-band luminosities at higher redshifts is due to a general
increase of star-formation activity at all masses rather than a shift of the locus
of these galaxies to higher K-band luminosities (see Section 8.5). We think that
their interpretation was biased by their small sample probing only a small vol-
ume of space at low redshifts (massive galaxies are rare!) and the use of the
[OII] emission line equivalent width as a measure for star-formation. Neverthe-
less it remains true that massive galaxies had their epoch of major star formation
at earlier times than less massive galaxies (see below).

• Downsizing, as explained in the previous item, is a way to explore the con-
nection between star-formation activity and stellar mass already assembled in
galaxies. We further explored this connection by looking at the specific star-
formation rate, defined as the current star-formation rate of a galaxy normalised
by its stellar mass. The specific star-formation rate as a function of redshift
reveals a number of remarkable properties (see Section 8.5). First, the spe-
cific star-formation rate is distributed parallel to lines of constant star-formation
rate for a wide range of masses, i.e. galaxies of different masses do not show
markedly different star-formation rates (in solar masses per year). Secondly,
the specific star formation rate is decreasing with mass. Hence star formation
does contribute significantly only to the growth of low-mass galaxies. We could
also show that these lower mass systems cannot sustain their high star-formation
rates over extended periods of time. Thirdly, the high star-formation rate enve-
lope of the specific star-formation rate is shifted to higher formation rates with
increasing redshift. This means that star formation is stronger at higher red-
shift for all masses as we already pointed out above. Fourthly, we could also
show that the most massive galaxies at all epoch contain the oldest and least
active stellar populations, and that we do not require a substantial contribution
of merging to the growth of stellar mass over the redshift range probed. These
results give a more detailed view on the interpretation of the rest-frame B−K
colour distributions discussed above. Finally we could show that our results do
not require a significant contribution of galaxy merging to the growth of stellar
mass over this redshift range.
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9.2 Interpretation

Our studies of the evolution of the galaxy population presented in this thesis are fo-
cused on the universe at redshifts z <∼ 1, i.e. the second half of the life of the universe
at its present age. Our observations of the star formation rate density show that the
universe has entered a quieter phase of existence: The star formation rate density
decreases with time (i.e. with decreasing redshift), although not as steeply as previ-
ously thought, reflected in a decrease of the ultraviolet and optical blue luminosity
density with time, and a slower build-up of stellar mass of galaxies. This trend is
also confirmed by our results on the evolution of luminosity functions during this cos-
mic epoch: The typical luminosity gets gradually fainter, while the normalisation, the
number density, increases with time. This effect is the more pronounced the bluer the
wavelength regime in which the luminosity function is studied.

Although not a critical test, most of this can, indeed, be reconciled with the stan-
dard scenario of hierarchical galaxy formation. In this model, galaxies form from low-
mass building blocks which merge in time and gradually form larger galaxies. How-
ever, some things remain puzzling, especially the fact that the most massive galaxies
seem to contain the oldest stellar populations and have formed the bulk of their stars
at earlier times. Some sort of anti-hierarchical component might have to be included
in the hierarchical models after all, but it is not clear how this works in detail.

More detailed comparison of our data with predictions within the framework of hi-
erarchical galaxy formation yield a somewhat ambivalent picture. While a comparison
of the Hernquist & Springel (2003) approximation for the low-redshift evolution of
the star formation rate density based on hydrodynamic simulations shows good agree-
ment with our measurements, semi-analytic predictions of luminosity functions fail to
reproduce the observations. However, it remains unclear how much of this failure can
be attributed to the foundations of the theoretical model and how much to their rather
primitive descriptions of poorly understood physical phenomena like gas cooling, star
formation and feedback. Maybe it is also not surprising that an integrated quantity
like the ultraviolet luminosity density (from which the star formation rate density is
derived) is more readily reproduced than the luminosity function itself.

It is clear that much remains to be done – both observationally and theoretically
– to gain a better understanding of the formation and evolution of galaxies in our
universe.
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Appendix A

Completeness of the
Magnitude-Selected Spectroscopic
Programme

In this appendix, I present magnitude-dependent completeness fractions for the five
MUNICS fields with magnitude-selected spectroscopy (S2F1, S2F5, S5F1, S6F5, and
S7F5). More precisely, we show K-band magnitude histograms of objects with suc-
cessful spectroscopic redshift determination as compared to extended objects in the
photometric catalogue.

The field with highest completeness, S2F1, also contains the sparse sample of faint
objects observed spectroscopically at the VLT, thus its comparatively large number
of objects fainter than K ′ = 17.5. In all other fields, objects fainter than this formal
magnitude limit of the spectroscopic observations result from gaps in the slit masks
having been filled with these objects.
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Figure A.1: Completeness of magnitude-selected spectroscopy in MUNICS. The
dashed line shows the histogram of galaxies classified as extended in the photometric
catalogue, the solid line the galaxies in the spectroscopic catalogue. The dotted line
indicates the formal magnitude limit of K ′ = 17.5 of the spectroscopic observations.
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Comparison of Photometry of K, I
and B-Selected Objects
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Figure B.1: Comparison of magnitudes of objects in the K-band and I-band selected
catalogues for all ten MUNICS fields and for all six filters.
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Figure B.2: Comparison of magnitudes of objects in the I-band and B-band selected
catalogues for all ten MUNICS fields and for all six filters.



164 APPENDIX B. COMPARISON OF PHOTOMETRY

S5F5

 10  15  20  25  30
 10

 15

 20

 25

 30

K
J
I
R
V
B

I−selected magnitude

B
−

se
le

ct
ed

 m
ag

ni
tu

de

S6F1

 10  15  20  25  30
 10

 15

 20

 25

 30

K
J
I
R
V
B

I−selected magnitude

B
−

se
le

ct
ed

 m
ag

ni
tu

de

S6F5

 10  15  20  25  30
 10

 15

 20

 25

 30

K
J
I
R
V
B

I−selected magnitude

B
−

se
le

ct
ed

 m
ag

ni
tu

de

S7F5

 10  15  20  25  30
 10

 15

 20

 25

 30

K
J
I
R
V
B

I−selected magnitude

B
−

se
le

ct
ed

 m
ag

ni
tu

de
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Appendix C

Semi-Automatic Selection of PSF
Stars for Morphological Image
Classification

In this appendix we show diagrams illustrating the semi-automatic selection of stellar
objects used for deriving the point-spread function (PSF) in each image. The detailed
procedure is described in detail in Section 7.1. In brief, we select relatively bright sym-
metric objects for which we derive the Gaussian FWHM. Then we select all objects
the FWHM of which is within 3σ around the stellar FWHM measured.

Note that in some cases the number of stars is so small, that this algorithm needed
some manual interaction. Also note that the near-infrared (K and J band) images are
mosaics of four individual images, so there is the possibility of slightly differing PSFs
in the individual parts.
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Figure C.1: Semi-automatic selection of PSF stars in the MUNICS fields. The mea-
sured seeing FWHM in pixels is given in each figure and denoted by the solid line. The
circles represent bright, symmetric objects in each field. All objects between the dot-
ted lines (filled circles) were selected for deriving the PSF necessary for morphological
classification (see text for details).
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Figure C.1: Continued
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Figure C.1: Continued
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Figure C.1: Continued
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Figure C.1: Continued
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