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Abstract

Galaxy groups are important for at least two main reasons. Being the most
massive virialized structures in the universe they constitute excellent cosmo-
logical probes for testing cosmological models and determining cosmological
parameters. On the other hand, being bound structures containing several
galaxies they serve as large cosmic laboratories in which processes occur
which have the potential to affect the global evolution of galaxies. Unfortu-
nately, detecting galaxy groups is relatively difficult and still observationally
expensive, particularly at high redshift. This thesis aims at providing a sig-
nificant contribution to the systematic detection and investigation of galaxy
groups over a large range of redshift.

The data used for this thesis mainly stem from the bright part of zCOS-
MOS which is a large spectroscopic galaxy survey. Covering a contiguous
area of ∼ 1.7 deg2 zCOSMOS-bright observed about 20,000 spectra in the
redshift range 0.1 . z . 1.2. The first ∼10, 000 spectra were released in the
“10k sample” and final data set later in the “20k sample”. With a redshift
accuracy of about 100 km/s this survey suits very well for detecting the
galaxy groups in redshift space.

Since, in contrast to single galaxies and huge clusters, groups are low con-
trast systems against the background, identifying groups is subtle. Using
sophisticated simulated mock galaxy samples, I study the performance of
the standard group detection algorithms Friends-of-Friends (FOF) and the
Voronoi-Delaunay Method (VDM). I find that none of the two algorithms
is far superior over the other, but the FOF method yields slightly better
group catalog statistics. However it results in too many detected small
groups. This is why I generalize the FOF and VDM algorithms to a multi-
run scheme. That is I progressively optimize the group-finding parameters
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for smaller and smaller groups as the catalog is generated from the richest
groups down to the poorest. This improves the fidelity of the resulting cat-
alogs, in terms of completeness and purity, over a broad range of richnesses
N so that the final catalog, both in terms of the groups and of individual
members, compares favorably with recent results in the literature. More-
over, the combination of the resulting FOF and VDM multi-run catalogs
allows the definition of several sub-catalogs with further improved purity.

The zCOSMOS group catalog for the 10k sample contains about 800
groups and the catalog for the 20k sample about 1500 making it the largest
existing group sample for the redshift range 0.1 . z . 1. I then investigate
the estimation of group properties such as velocity dispersion and dynamical
mass. Unfortunately, particularly for small groups estimating these proper-
ties is very difficult so that I introduce so called “fudge quantities” by taking
the group richness as a proxy for these quantities and calibrate them using
the mocks. Comparing the number of zCOSMOS groups with the mocks
yields fair agreement except for very small and very large groups: There
are too many small groups and too few large groups compared with the
mocks. Also the fraction of galaxies in groups is much smaller in the mocks
for z & 0.6. By taking the 2df galaxy redshift survey as local benchmark,
my group catalog demonstrates the buildup of the cosmic group structure
over the last seven billion years.

Since the zCOSMOS sampling rate, even for the 20k sample, is far from
100% our group population is incomplete. This is why I develop a method
for incorporating galaxies into the groups for which only photometric infor-
mation is available. Again using the mocks I define a probability p for each
photometric galaxy to be associated to a certain group. This completes our
group population in a probabilistic manner and thus opens the door for new
investigations. As two direct applications, I define for each galaxy a prob-
ability pM to be the most massive in a certain group, and I demonstrate
how the use of photometric information can improve the estimation of group
centers.

One of the main science goals of the zCOSMOS collaboration is the in-
vestigation of galaxy evolution in different cosmic environments. These
studies were not led by myself, but in close collaboration with me and are
heavily based on my group catalog. We find strong evidence for a global,
stellar mass driven evolution of galaxies in all environments and increasing
“crossing masses” for increasing redshift (“downsizing”). On top of these
global trends there is clear evidence that at fixed time and fixed stellar
mass, the fractions of red and early type galaxies are systematically higher



vii

in groups than outside groups. We conclude that the transformation rates
of late type, blue and star forming galaxies are systematically higher in
groups than outside of groups. The differences are larger for lower stellar
masses. Within groups the transformation rates involving star formation
are generally higher than those involving morphological changes.

Finally, I perform a correlation function analysis with my 20k group sam-
ple to explore the relation between clustering and estimated group mass.
At high redshift the galaxy auto-correlation function as well as the group-
galaxy cross-correlation functions are very high because of a large structure
at z ∼ 0.7 in the COSMOS field. However, there are also single mocks ex-
hibiting similar correlation strengths so that the high values for the zCOS-
MOS sample can be understood in terms of cosmic variance. In total, the
measured masses from the correlation function analysis are consistent within
the error bars with the mock calibrated fudge masses. The positive result
of this consistency test is another indication of the high quality of the group
catalog.

The production and exploration of the zCOSMOS groups presented in
this thesis is only the beginning of the understanding of groups at high
redshift. There are many further very interesting projects feasible based
on my zCOSMOS groups and the corresponding analysis. Examples are
the investigations of the X-ray properties of the groups or of the differences
between central and satellite galaxies.
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Zusammenfassung

Es gibt zwei Hauptgründe, warum Galaxiengruppen wichtig sind. Da sie
die massivsten virialisierten Strukturen im Universum sind, stellen sie ei-
nerseits ausgezeichnete kosmologische Untersuchungsobjekte dar, mit denen
man kosmologische Theorien testen und kosmologische Parameter festlegen
kann. Auf der anderen Seite sind Galaxiengruppen gravitativ gebundene
Strukturen, die mehrere Galaxien enthalten, und damit die globale Evolu-
tion von Galaxien beeinflussen können. Leider ist es nach wie vor schwierig
und aufwändig, Galaxiengruppen zu entdecken, besonders bei hoher Rotver-
schiebung. Diese Doktorarbeit hat zum Ziel, einen signifikanten Beitrag zur
systematischen Entdeckung und Untersuchung von Galaxiengruppen über
einen grossen Rotverschiebungsbereich beizutragen.

Die Daten, die in dieser Doktorarbeit verwendet wurden, stammen haupt-
sächlich von zCOSMOS. zCOSMOS ist eine grosse spektroskopische Ga-
laxien Survey, die auf einem zusammenhängenden Gebiet von ∼ 1.7 deg2

und über einen Rotverschiebungsbereich von 0.1 . z . 1.2 etwa 20’000
Galaxienspektren beobachtet hat. Die ersten 10’000 Spektren wurden als
sogenanntes “10k sample” und das endgültige Datenset als “20k sample”
veröffentlicht. Mit einer Genauigkeit von 100 km/s eignet sich diese Survey
vorzüglich, um Galaxiengruppen zu entdecken.

Da Gruppen im Gegensatz zu einzelnen Galaxien und riesigen Galaxien-
haufen sich nur mit einen geringen Kontrast gegenüber ihrem Hintergrund
auszeichnen, ist es schwierig, sie zu entdecken. Indem ich geeignete simu-
lierte Galaxiensamples (“Mocks”) zu Hilfe nehme, untersuche ich die Leis-
tungsfähigkeit der Standarddetektionsalgorithmen. Das sind die Friends-of-
Friends (FOF) und der Voronoi-Delaunay Methode (VDM). Während kei-
ner der beiden Methoden der anderen deutlich überlegen ist, zeichnet sich
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doch die FOF Methode durch leicht bessere Statistik aus. Allerdings pro-
duziert sie zu viele kleine Gruppen. Aus diesem Grund habe ich die FOF
und VDM Algorithmen zu einem Multi-run Schema verallgemeinert, bei
welchem die Algorithmenparameter progressiv für kleinere Gruppen opti-
miert werden und den Katalog von grossen zu kleinen Gruppen bevölkert.
Dieses Verfahren verbessert die Vollständigkeit und Reinheit des Katalogs
über einen grossen Bereich der Gruppengrössen, so dass der schlussendliche
Gruppenkatalog im Vergleich mit der neueren Literatur sehr gute Statistiken
aufweist; sowohl auf einer individuellen Gruppenbasis als auch für einzel-
ne Gruppenmitglieder. Durch Kombination der multi-run FOF und VDM
Kataloge lassen sich schliesslich auch einige Subkataloge mit noch höherer
Reinheit definieren.

Der zCOSMOS 10k Gruppenkatalog enthält 800 Gruppen und der 20k
Katalog ungefähr 1500. Damit ist er der umfangreichste existierende Grup-
penkatalog für den Rotverschiebungsbereich 0.1 . z . 1. Für diese Gruppen
untersuche ich, wie gut man einzelne Eigenschaften wie dynamische Masse
oder Geschwindigkeitsverteilung messen kann. Leider ist es besonders für
kleine Gruppen sehr schwierig, zuverlässige Werte zu erhalten. Daher führe
ich die sogenannten “fudge Grössen” ein. Das sind Abschätzungen von Ga-
laxieneigenschaften, die anhand der Anzahl Gruppenmitglieder bestimmt
werden, indem man diese mithilfe der Mocks kalibriert. Der Vergleich der
zCOSMOS Gruppenkataloge mit den Mocks zeigt im Grossen und Ganzen
gute bereinstimmung. Alleine die Anzahl gefundener sehr kleinen und sehr
grossen Gruppen stimmen nicht überein; die zCOSMOS Kataloge enthal-
ten deutlich mehr kleine und deutlich weniger grosse Gruppen. Ansonsten
ist der Bruchteil der Gruppengalaxien im Rotverschiebungsbereich z & 0.6
deutlich kleiner in den Mocks. Nimmt man schliesslich die 2dF Galaxien Rot-
verschiebungssurvey als kosmologisch lokale Bezugsgrösse, so demonstrieren
meine Gruppenkataloge das Wachstum der kosmologischen Gruppenstruk-
turen über den Zeitraum der vergangenen sieben Milliarden Jahren.

Da selbst für das 20k Sample die Beobachtungsrate der Galaxien keine
100% erreicht ist die Galaxienpopulation in meinen Gruppen unvollständig.
Daher entwickle ich eine Methode, mit welchen ich den Gruppen photo-
metrische Galaxien zuordnen kann. Indem ich wiederum von den Mocks
Gebrauch mache, definiere ich für jede Galaxie eine Wahrscheinlichkeit p,
dass sie Mitglied einer bestimmten Gruppe ist. Auf diese Weise kann ich die
Galaxienpopulation in Gruppen vervollständigen und so die Türen für neue
Untersuchungen öffnen. Als zwei direkte Anwendungen dieses Konzeptes
definiere ich einerseits für jede Galaxie die Wahrscheinlichkeit pM , dass sie
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die massivste Galaxie einer bestimmten Gruppe ist, und andererseits zeige
ich, wie der Gebrauch der photometrischen Galaxien die Abschätzung von
Gruppenzentren verbessern kann.

Eines der Hauptziele der zCOSMOS Kollaboration stellt die Untersu-
chung der Galaxienevolution in verschiedenen kosmischen Umgebungen dar.
Diese Studien wurden nicht von mir selber geleitet, sondern entstanden in
enger Mitarbeit und basieren weitgehend auf meinem Gruppenkatalog. Wir
finden starke Evidenz für eine globale von der stellaren Masse angetriebenen
Evolution von Galaxien in allen Umgebungen und zunehmende “Crossing
Massen” für zunehmende Rotverschiebung (“downsizing”). Auf der Ober-
fläche dieser globalen Trends finden wir Hinweise, dass zu einer festgelegten
Zeit und für eine festgelegten stellare Masse der Bruchteil an Spiralgalaxi-
en, blauen und sternbildenden Galaxien in Gruppen systematisch höher ist
als ausserhalb. Diese Unterschiede sind zudem grösser für kleinere stellare
Massen. Desweitern finden wir, dass innerhalb von Gruppen die Transfor-
mationsraten, welche Sternbildung beinhalten, im Allgemeinen höher sind
als solche, die die Morphologie betreffen.

Schliesslich führe ich eine Korrelationsfunktionsanalyse mit meinem 20k
Gruppenkatalog durch, in welcher ich den Zusammenhang zwischen ge-
schätzter Gruppenmasse und der Häufung der Gruppen im Raum untersu-
che. Bei hoher Rotverschiebung ist die Galaxien Auto-Korrelationsfunktion
wie auch die Gruppen-Galaxien Korrelationsfunktion relativ hoch aufgrund
einer gewaltigen Struktur, die sich im COSMOS Feld bei z ∼ 0.7 befin-
det. Allerdings gibt es auch unter den 24 Mock Katalogen einzelne, die
ähnliche Korrelationsstärken aufweisen. Damit kann man die hohen Werte
von zCOSMOS im Rahmen der statistischen kosmischen Variation verste-
hen. Insgesamt finden wir, dass die Massen der Gruppen, die mithilfe der
Korrelationsanalyse berechnet wurden mit den “fudge Massen” innerhalb
der Fehlerbalken verträglich sind. Das positive Resultat dieses Konsistenz-
tests ist ein weiterer Hinweis auf die hohe Qualität des Gruppenkatalogs.

Die Produktion und Untersuchung der zCOSMOS Gruppen, die in die-
ser Doktorarbeit vorgestellt werden, bilden nur den Anfang unseres Ver-
ständnisses von Galaxiengruppen bei hoher Rotverschiebung. Es gibt zahl-
reiche weitere sehr interessante Projekte, die mit den gefundenen Galaxien-
gruppen und den hier erarbeiteten Methoden durchgeführt werden können
wie zum Beispiel die Untersuchung der Rntgeneigenschaften der Gruppen
oder die Untersuchung der Unterschiede zwischen den Zentral- und Satelli-
tengalaxien.





xiii

Contents

Abstract v

Zusammenfassung ix

Contents xiii

List of figures xvii

List of tables xxi

1 Introduction 1
1.1 The group environment and its galaxy population . . . . . . . 3
1.2 Groups as cosmological probes . . . . . . . . . . . . . . . . . 6
1.3 Identification of groups . . . . . . . . . . . . . . . . . . . . . . 7
1.4 The underlying cosmological framework . . . . . . . . . . . . 9
1.5 The structure of this thesis . . . . . . . . . . . . . . . . . . . 18

2 The zCOSMOS survey 21
2.1 Survey description . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 The spectroscopic samples . . . . . . . . . . . . . . . . . . . . 24
2.3 zCOSMOS mock catalogs . . . . . . . . . . . . . . . . . . . . 29
2.4 Detectability of groups . . . . . . . . . . . . . . . . . . . . . . 31

3 Identifying groups in spectroscopic redshift surveys 35
3.1 Group-finding algorithms . . . . . . . . . . . . . . . . . . . . 37
3.2 Basic statistical quantities . . . . . . . . . . . . . . . . . . . . 39
3.3 Optimization strategy . . . . . . . . . . . . . . . . . . . . . . 46



xiv Contents

3.4 Results on the 10k mocks . . . . . . . . . . . . . . . . . . . . 54

3.5 Improvements for the 20k sample . . . . . . . . . . . . . . . . 61

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4 The zCOSMOS spectroscopic group catalogs and their proper-
ties 73
4.1 Corrected richness Ncorr . . . . . . . . . . . . . . . . . . . . . 75

4.2 Velocity dispersion estimation . . . . . . . . . . . . . . . . . . 77

4.3 Estimation of dynamical mass . . . . . . . . . . . . . . . . . . 80

4.4 An example of a super-group at z = 0.22 . . . . . . . . . . . . 84

4.5 Comparison with the mocks and 2dfGRS . . . . . . . . . . . 85

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Photometric group members 93
5.1 Assigning probabilities to photo-z galaxies . . . . . . . . . . . 94

5.2 Determining the most massive galaxy of the group . . . . . . 102

5.3 Group center . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6 Galaxy evolution in groups 111
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Sample selection . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7 Correlation function analysis of the groups 127
7.1 The Halo model . . . . . . . . . . . . . . . . . . . . . . . . . . 128

7.2 Selected sample . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.3 Estimation method . . . . . . . . . . . . . . . . . . . . . . . . 133

7.4 The correlation functions . . . . . . . . . . . . . . . . . . . . 136

7.5 Bias estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

8 Conclusion and Outlook 149

Bibliography 153

Acknowledgments 163



Contents xv

List of publications 165

Curriculum Vitæ 171





xvii

List of Figures

2.1 Spectrum of a galaxy with some emission lines . . . . . . . . 25
2.2 Spectrum of an early type galaxy . . . . . . . . . . . . . . . . 26
2.3 Spatial sampling rate for the zCOSMOS survey . . . . . . . . 27
2.4 Number of galaxies per redshift dNgal/dz of the 10k sample . 30
2.5 Fraction of detectable groups in the 10k sample as a function

of their mass . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.6 Fraction of detectable groups in the 20k sample as a function

of redshift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1 Schematic illustration of comparing a reconstructed group
catalog to a real group catalog . . . . . . . . . . . . . . . . . 41

3.2 Distribution of parameter-sets in the c1(≥8)-p1(≥8)-plane for
the 10k mocks . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Comparison of the completeness and purity obtained from a
single run and from the multi-run-procedure for the 10k mocks 49

3.4 Relative abundance of reconstructed 10k mock groups . . . . 50
3.5 Comparison between the multi-run FOF and the multi-run

VDM catalogs for the 10k sample . . . . . . . . . . . . . . . . 52
3.6 Statistics of the 10k mock FOF catalog and its two sub-

catalogs 1WM and 2WM . . . . . . . . . . . . . . . . . . . . 55
3.7 Completeness and purity of the 10k mock FOF groups as a

function of redshift . . . . . . . . . . . . . . . . . . . . . . . . 58
3.8 Behaviour of Sgal and fI as a function of distance from the

group centers for the 10k mocks . . . . . . . . . . . . . . . . . 59
3.9 Statistics of the 20k group catalogs as a function of N . . . . 65
3.10 Relative abundance of reconstructed groups for the 20k mocks 67



xviii List of Figures

3.11 Portions of the different possible associations between recon-
structed and real groups for the 20k FOF catalog . . . . . . . 69

3.12 Purity and group fraction as a function of group robustness
for the 20k groups . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Mean GRP as a function of observed richness N . . . . . . . 74

4.2 Number of 20k groups as a function of redshift . . . . . . . . 76

4.3 Correlation between Ncorr(−20) and Mfudge . . . . . . . . . . 78

4.4 Correlation between the estimated velocity dispersions σ̂ and
the estimated velocity dispersions σ̂ . . . . . . . . . . . . . . 81

4.5 Correlation between the “fudge mass” Mfudge and the virial
mass Mhalo . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.6 Merging “super-group” at z ∼ 0.22 . . . . . . . . . . . . . . . 85

4.7 Number of groups of the 20k catalog as a function of observed
richness N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.8 Fraction of galaxies in 20k groups as a function of redshift . . 89

4.9 Fraction of galaxies in groups with ≥Ncorr(−20) . . . . . . . 90

5.1 Fraction f(σr, σz, N) of photo-z galaxies to be associated to
groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2 Fraction of correct associations as a function association prob-
ability p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3 Normalized distribution of the association probability p for
different richness classes . . . . . . . . . . . . . . . . . . . . . 100

5.4 Completeness of the photo-z group population . . . . . . . . 101

5.5 Fraction of correct most massive galaxies as a function of pM 103

5.6 Normalized distribution of pM for different richness classes . . 104

5.7 Offset between the estimated group centers and the true
group centers . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.1 Rest-frame U −B colors as a function of stellar mass M∗ for
MB-volume limited samples . . . . . . . . . . . . . . . . . . . 115

6.2 Fraction of early type galaxies as a function of stellar mass
M∗ for different environments and redshift bins . . . . . . . . 118

6.3 Blue fraction of galaxies as a function of stellar mass M∗ for
different environments and redshift bins . . . . . . . . . . . . 119

6.4 Crossing masses for the galaxy population in different envi-
ronments as a function of look back time . . . . . . . . . . . . 121

6.5 Evolution of the fraction of galaxies in groups for different
stellar masses . . . . . . . . . . . . . . . . . . . . . . . . . . . 123



List of Figures xix

6.6 Transformation rates inside and outside groups as a function
of stellar mass M∗ for different galaxy types . . . . . . . . . . 125

7.1 Auto-correlation function for the magnitude limited galaxy
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.2 Group-galaxy cross-correlation functions for several mock group
samples at 0.5 ≤ z ≤ 0.8 . . . . . . . . . . . . . . . . . . . . . 138

7.3 Group-galaxy cross-correlation function for several mock group
samples at 0.2 ≤ z ≤ 0.5 . . . . . . . . . . . . . . . . . . . . . 139

7.4 Group-galaxy cross-correlation functions for the 20k sample
at 0.5 ≤ z ≤ 0.8 . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7.5 Group-galaxy cross-correlation functions for the 20k sample
at 0.2 ≤ z ≤ 0.5 . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7.6 Consistency test for the estimation of bG using the mocks . . 145
7.7 Estimated masses from the correlation function analysis . . . 147





xxi

List of Tables

2.1 Basic properties of the 10k and 20k samples . . . . . . . . . . 28

3.1 Optimal multi-run parameter-sets for FOF and VDM . . . . 40
3.2 Catalogue statistics for N ≥ 5 . . . . . . . . . . . . . . . . . . 56
3.3 Multi-run parameter-sets for FOF . . . . . . . . . . . . . . . 63
3.4 Multi-run parameter-sets for VDM . . . . . . . . . . . . . . . 64
3.5 Statistics of the group catalog for different observed richness

ranges N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1 Basic statistics for the zCOSMOS 10k and 20k group catalogs 75
4.2 Errors for the fudge quantities within the 20k catalog . . . . 84

5.1 Borders dividing the four quartiles of rrms for group popula-
tions of different richness classes . . . . . . . . . . . . . . . . 108

6.1 Stellar mass selected samples . . . . . . . . . . . . . . . . . . 116

7.1 Group samples . . . . . . . . . . . . . . . . . . . . . . . . . . 132
7.2 Galaxy samples . . . . . . . . . . . . . . . . . . . . . . . . . . 133





1

Chapter 1
Introduction

The origin of galaxies and the large scale structure in the universe are a
key topic in modern cosmology. Galaxy clusters and groups being the most
massive virialized objects in the universe play a prominent role in the inves-
tigation of how the universe evolved during the last 10 billion years. There
are two main reasons for this: First, groups constitute a special environ-
ment which is likely to affect the general evolution of galaxies. Second,
both the number density and spatial distribution of groups are sensitive to
the underlying cosmological model and thus are a convenient tool for mea-
suring cosmological parameters and test cosmological models. This thesis
will focus on both reasons.

Groups1 of galaxies are aggregates of several galaxies in space which form
a gravitationally bound, virialized system. In the framework of modern
cosmology this definition means that these galaxies inhabit the same dark
matter (DM) halo. The mass of groups span several order of magnitudes
starting from ∼1015 M� for the largest clusters to ∼1012 M� for pairs of
galaxies. Most of their mass is in form of DM, while the galaxies constitute
usually only a minor fraction of a groups mass.

The fact that groups are physical systems including several galaxies and
other potential ingredients such as hot gas moving in a DM gravitational

1In this thesis, we will mostly not distinguish between “groups” and “clusters”, since
from an optical/near-infrared point of view the difference between groups and clusters
is rather a gradual, quantitative one, and not a qualitative one. So when we talk of
“groups”, we do not make any assumption about the mass or other properties of these
systems. Only in this introduction we will often use both terms in order to outline
the historical development.



2 1 Introduction

potential well makes them excellent physical laboratories which attracted
the interest of astronomers. In particular it was soon realized that rich
clusters are usually associated with extended X-ray emission (Gursky et al.
1972) caused by bremsstrahlung of intracluster hot gas (Mitchell et al. 1976).
This finding made also the earlier observations understandable whereupon
radio galaxies, particularly FR II and wide-angle tale galaxies, are often
found in rich clusters (Mills 1960) by means of interaction of high velocity
radio galaxies with the intracluster medium (Miley et al. 1972). A detailed
investigation of the dynamics of group galaxies and the intracluster medium
reveals a wealth of information about the the gravitational potential and the
dynamical state of the group.

Groups also affect the light that passes them. First of all, photons from
the cosmic microwave background (CMB) traveling through the hot intra-
group medium experience inverse Compton scattering by the energetic free
electrons in the gas which leads to a frequency dependent energy shift (Sun-
yaev & Zeldovich 1970). Photons above '220 MHz become redshifted and
those below blueshifted. This so-called “Sunyaev-Zel’dovich effect” pro-
duces a characteristic imprint in the CMB which has been observed at high
significance (see e.g. Carlstrom et al. 2002 for a review). Second, due to
their huge mass groups constitute excellent gravitational lenses. The most
obvious features caused by lensing are the well-known arc-like appearing
background galaxies in big clusters (Paczynski 1987). Studying how light
is bent by a group enables one to reconstruct its gravitational potential.
Moreover, group lenses have been used as magnifier to observe very distant
background galaxies and can be used to perform cosmological consistency
tests on their own (e.g. Suyu et al. 2010; Jullo et al. 2010).

All these properties and effects have, of course, been first detected for
huge clusters being extreme representatives of groups and have led to great
insight into the physics of clusters (see e.g. Voit 2005 for a recent review).
For the smaller groups, on the other hand, we are still lacking a complete
understanding of the associated physical processes and these objects are
currently subjects of intense investigation. A reason for the lack of un-
derstanding is that it is observationally rather expensive to create group
catalogs large enough to enable sophisticated investigations particularly at
high redshift. A main part of this thesis is about constructing and describ-
ing high quality group catalogs at high redshift which allow a broad range
of applications.
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1.1 The group environment and its galaxy
population

The galaxy population is usually divided into “group galaxies” and “field
galaxies”, where the group galaxies are divided into “central galaxies” re-
siding at the group centers and their “satellites”. The “field” encompasses
not only isolated galaxies (i.e. being the only galaxies in their DM halo),
but partly also galaxies of non-detectable groups due to observational con-
straints. “Environment” refers to the cosmic neighborhood being charac-
terized by the local galaxy density and the local intergalactic medium. The
investigation of the differences between the group galaxy population and the
field population has a long tradition going back until the time of Hubble &
Humason (1931) and many prominent features have been noted early on.

First of all, groups do not constitute a homogeneous class of objects but
rather divide in a couple of subclasses hosting different galaxy populations
and showing different spatial structures. For instance, Oemler (1974) dis-
tinguished “cD clusters”, “spiral-rich clusters”, and “spiral-poor clusters”.
The first class has a unique and dominant cD galaxy in their group centers
and is rich of elliptical galaxies, while the other two classes show a much
smaller part of elliptical galaxies and do not contain cD galaxies. These
classes correlate also with the spatial shape of the groups and other prop-
erties.2 For instance, cD clusters are usually spherical symmetric, while
the spiral-rich clusters are rather irregular in shape. Gunn & Gott (1972)
interpreted these varieties as different formation stages of clusters.

More important than the differences among clusters, however, is the ob-
servation that the group populations of all clusters are a well behaved and
strong function of the projected surface galaxy density (Dressler 1980). The
higher the surface density, the larger the fraction of ellipticals and S0 galax-
ies and the lower the fraction of spirals. This “morphology-density” relation
is independent of the cluster type and holds not only for the cluster popu-
lation as a whole but also for individual clusters. Later it was extended to
groups (Postman & Geller 1984) and became one of the main reasons why
astronomers believe that the group environment is special for the evolution
of galaxies.

The other main reason came from observations of two distant clusters
around redshift z ∼ 0.4 which contained unusually many blue spiral galaxies
compared to local clusters of the same type (Butcher & Oemler 1978, 1984).

2A compilation of such properties and their correlations is given in the early review of
Bahcall (1977, Tab. 1).
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They interpreted this as showing that at least in some clusters there must
be strong evolution of galaxies between z ∼ 0.4 and the present (“Butcher-
Oemler effect”). The data at that time, however, did not allow to answer
the questions whether this strong evolution is confined to rich clusters or
does also occur in small groups or even the field. Allington-Smith et al.
(1993) were the first to observe a similar effect for small groups.

This question has raised the so-called “nature/nurture-debate”: Are the
evolution of the galaxy population in clusters and the differences of the
galaxy population between the field and the groups a result of the particular
group environment (“nurture”) or do they just reflect the initial conditions
and general evolution of galaxies irrespective of environment (“nature”)?
For instance, the morphology-density relation could just be the consequence
of variations of the stellar mass function in different environments due to
the formation process of the corresponding group and a correlation between
the stellar mass and the morphology of a galaxy. In this case the group
environment would not play any special role for the evolution of galaxies.
We will discuss this question further in chapter 6.

The group environment does, however, contain several particularities
which make it, in fact, conceivable that it could play a special role for
the evolution of galaxies. It is mainly characterized by the common dark
matter potential well of the group galaxies, the intragroup medium, and the
relatively high galaxy density. In such environments the following processes
will/can take place:

Dynamical friction A massive galaxy moving through a background of DM
particles experiences a drag force decelerating the galaxy in the direc-
tion of motion (Chandrasekhar 1943). This “dynamical friction” hap-
pens because the galaxy accelerates the DM particles behind it more
than the particles in front of it leading to net exchange of momen-
tum. Thus the galaxy steadily looses speed in respect to the group
center and thus spirals towards it. An immediate consequence is that
the central galaxy frequently experiences mergers with other galax-
ies falling to the center termed galactic “cannibalism” (Hausman &
Ostriker 1978) and provides a straightforward explanation for the ex-
istence of the huge cD galaxies in the centers of many rich clusters.

Galaxy merging Due to the relatively high galaxy density in groups galaxy
mergers may occur more often than in the field (even without falling
to the group center). A critical parameter for the occurrence of a
merger between two galaxies is their relative velocity v which needs
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to be smaller than the relative escape velocity of the two galaxies. It
can be shown that the merger rate Γ in a group despite the relatively
high galaxy density is roughly proportional to 1/v (Spitzer & Baade
1951; Peacock 1999, Sect. 17.2). This leads to the expectation that the
merger rate is higher the smaller the velocity dispersion of a group.
Rich clusters having a velocity dispersion of ∼ 1000 km/s are there-
fore less prone to mergers compared with small groups with velocity
dispersions of a few hundred km/s. A galaxy merger can significantly
change the color and morphology of a galaxy.

Galaxy harassment A process which also can significantly alter the mor-
phology of galaxies are multiple high-speed encounters between galax-
ies without merging (“galaxy harassment”, Moore et al. 1996). Galaxy
harassment leads to deformation of galaxies and detectable tidal tales
and should be much more frequent than real galaxy mergers.

Ram pressure stripping If the cluster is filled with a hot intragroup gas
of density ρ, a galaxies moving through this medium with velocity v
feels ram pressure pram ' ρv2 (Gunn & Gott 1972). This pressure
can sweep gas out of a galaxy and so “quench” its star formation
immediately.

Strangulation A similar process is “strangulation” asserting that galaxies
falling into the DM halo loose their warm outer envelope of gas (Balogh
& Morris 2000). This cuts off the supply of cold gas in the galaxy and
thus leads to a gradual decrease of star formation.

All of these effects have strong physical and observational motivation and
the potential to affect the evolution of galaxies in some way or another.
Their relative importance as a function group mass at a given epoch and
which role they finally play in the overall evolution of galaxies is still a
matter of investigation. Peng et al. (2010), for instance, tried to under-
stand galaxy quenching and found strong observational evidence for the ex-
istence of two main modes which are “environment quenching” and “mass
quenching”. While the mass quenching being the dominant mode for the
high stellar mass galaxies seems to be sort of intrinsic property (“nature”)
of galaxies, only the environment quenching most important for smaller
galaxies depends on the environment in the sense of “nurture”. An overall
understanding of the associated physical mechanisms and a theory which
considers also morphological part of galaxies is, however, still missing. In
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chapter 6 we will address the environmental effects of galaxy colors and
morphologies in a phenomenological manner.

1.2 Groups as cosmological probes

In the cosmological context, the population of groups of a certain mass is
considered as a whole. Of particular interest are their number densities and
how groups cluster in space. Abell (1958) noted that the number of clusters
increases strongly for decreasing richness and that groups are distributed
significantly non-random in space. Abell regarded this as evidence for the
existence of “clusters of clusters”. More detailed insight into the clustering
of clusters was gained by computing their spatial three dimensional corre-
lation function. The correlation function of galaxies ξgg was known to be
close to a power law with slope γ ' −1.8 (Groth & Peebles 1977). So it
was an interesting result to find that the correlation function of clusters also
closely follows a power law with the same slope

ξcc(r) ∝ r−1.8 , (1.1)

but with a much higher normalization than for galaxies (Bahcall & Soneira
1983). Moreover, Bahcall & Soneira (1983) also showed that the correla-
tion function of clusters increases with increasing richness (and thus with
increasing mass). These results suited well to the upcoming cosmological
theory of structure formation and are now understandable in detail by the
modern halo model.

The connection between the number density and clustering of groups and
cosmology is by means of the statistics of DM halos. In the cosmological
context a group is basically regarded as a DM halo of a certain mass. Since
most of the matter in the universe is in form of DM and since DM is a very
weakly interacting form of matter structure formation in the universe is
dominated by DM the corresponding theory is relatively simple. The main
idea is that DM halos form at the peaks of the matter density field and this
leads to the concept that DM halos are biased tracers of the overall matter
field, where the bias depends on the mass of the halos. This explains why
the correlation functions why the amplitude of the cluster correlation func-
tion increases with increasing mass. The amplitude reflects just the bias of
the corresponding DM halos, whereas the shape of the correlation function
reflect the statistical properties of the underlying matter field. With the
assumption that all galaxies reside in DM halos, the correlation function of
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galaxies at scales much larger than the extension of the halos should also
trace the underlying matter field, where the amplitude provides information
about the mass of the halos in which the corresponding galaxies preferen-
tially reside.

So the correlation function of galaxies and groups tells us something about
the statistics of the underlying density field at a given time. The physical
theory of structure formation then enables us to connect the statistics of DM
halos at a certain time with the statistics of the primordial density field or
the density field at any other time. Particularly interesting is the connection
between the statistics of DM and the fluctuations in the CMB. This allows
consistency checks of the cosmological model and also the estimation of
cosmological parameters. In chapter 7 we will measure the group-galaxy
cross-correlation function with zCOSMOS for different group masses and
discuss the results within the framework of the halo model.

1.3 Identification of groups

The existence of huge clusters was well known to the astronomer from the
earliest times of galaxy studies.3 Large clusters of galaxies are — like galax-
ies — high-contrast objects compared to their surroundings which are gen-
erally easy to identify. Beside their identification at optical wavelength as
huge overdensities of galaxies in space, there are many other ways to detect
these objects. Today there exist X-ray selected cluster catalogs (e.g. Pierre
et al. 2006; Finoguenov et al. 2007), cluster catalogs selected by means of
the Sunyaev-Zel’dovich effect (e.g. Vanderlinde et al. 2010; Menanteau et al.
2010), radio galaxies (e.g. Chapman et al. 2000; Blanton et al. 2003), and
weak gravitational lensing (e.g. Marian & Bernstein 2006; Miyazaki et al.
2007). Each of these methods has its own advantages and problems (see
e.g. Voit 2005 and Sect. 1 of Johnston et al. 2007; Leauthaud et al. 2010),
and the choice of a particular method might depend on the desired appli-
cation. Some of these methods are also quite useful to explore the universe
at high redshift.

3In fact, already Charles Messier noted 1784 that the constellation of Virgo contained
most of his “nebulae”. Following the entry for M91 in the Connoissance des Temps for
1784, he added the note: “The constellation of Virgo, & especially the northern Wing
is one of the constellations which encloses the most Nebulae: this Catalog contains
thirteen which have been determined: viz. Nos. 49, 58, 59, 60, 61, 84, 85, 86, 87, 88,
89, 90, & 91. All these nebulae appear to be without stars: one can see them only
in a very good sky, & near their meridian passage. Most of these nebulae have been
pointed to me by M. Méchain.”
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Some methods also exploit the particularities of the cluster population.
For instance, the Cluster Red Sequence (CRS) method (Gladders & Yee
2000) or the maxBCG algorithm (Hansen et al. 2005; Koester et al. 2007b)
which are based on the fact that the most luminous galaxies in clusters
inhabit a tight sequence in the color-magnitude diagram called the “red
sequence” (which is basically a manifestation of the morphology-density
relation) and have proved to be very successful in finding clusters in the
local (Koester et al. 2007a) and the distant universe up to redshift z ∼ 1
Gladders & Yee (2005). A particular advantage of these methods is that
no redshift information is needed. Hence finding clusters in the local and
distant universe has become relatively “cheap” with time.

On the other hand, the detection of smaller groups is still relatively “ex-
pensive” and particular at high redshift large catalogs of groups are still
relatively spare. The reason is that groups, in contrast to clusters, are much
lower density contrast objects against the galaxy background. The first cat-
alogs of galaxy groups were produced by visual inspection of photographic
plates (e.g. Holmberg 1969). This had the disadvantage that the group
identification was partially subjected to some subjective consideration so
that Turner & Gott (1976) introduced a “blind”, automated group-finding
algorithm based on two dimensional spatial information of galaxies. This
method was still prone to contamination of background objects and suffered
from the fact that the projected galaxy density in groups depends on the
distance of the group. Huchra & Geller (1982) addressed these problems
by extending the group-finding algorithm to the three dimensional redshift
space using the spectroscopic information from galaxies. They introduced
the classic “friends-of-friends” (FOF) algorithm which is still very popular
today. A nice side effect of this method is that it does not require the
group to exhibit particular properties such as X-ray emission or a red se-
quence. This prevents the group catalog from unwanted selection effects
and possible biases, particularly since smaller groups are much less under-
stood compared to their big cousins. The main drawback of this approach
is the need of spectroscopic information which is observationally much more
expensive than photometry in a couple of bands.

With the upcome of the (by now completed) huge local optical galaxy
surveys such as the 2-degree field galaxy redshift survey (2dfGRS, Colless
et al. 2001) and the Sloan digital sky survey (SDSS, York et al. 2000) there
are now hundreds of thousands of spectroscopic redshifts available (Colless
et al. 2003; Abazajian et al. 2009). These made the construction of huge
local group catalogs possible solely based on galaxy positions in redshift
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space and containing between 10,000 to 50,000 groups (e.g. Eke et al. 2004;
Berlind et al. 2006; Tago et al. 2006, 2008). However, group catalogs at
high redshift, i.e. z & 0.3, are still relatively small compared to the local
one, since there have not been many large spectroscopic redshift surveys at
high redshift. Carlberg et al. (2001) describe a group catalog obtained from
the Canadian Network for Observational Cosmology Field survey (CNOC2,
Yee et al. 2000) in the redshift range 0.1 . z . 0.5. For the redshift range
z & 0.5 there is only the Deep Extragalactic Evolutionary Probe survey
(DEEP2, Davis et al. 2003) with a group catalog containing ∼ 900 groups
(Gerke et al. 2005) in redshift range of 0.7 . z . 1.4 and VIMOS VLT deep
survey (VVDS, Le Fèvre et al. 2005) with a group catalog containing ∼300
groups in the redshift range 0.2 ≤ z ≤ 1 (Cucciati et al. 2010a). In this
thesis we will describe the methods and the group catalogs for the bright
sample of the zCOSMOS survey (see chapter 2). With the final 20k sample
we have produced a group catalog containing ∼1500 groups in the redshift
range 0 ≤ z ≤ 1.2 (see Ch. 4).

1.4 The underlying cosmological framework

This section gives a review of the current cosmological model to introduce
the notation and basic concept of the theoretical framework that will be
needed to investigate galaxy groups over a large range of redshift. Today,
there exists a wealth of good textbooks on cosmology treating the content of
this section and readers familiar with these concepts may just skip this sec-
tion. We will mostly follow Peacock (1999), Mukhanov (2005), and Longair
(2008).

1.4.1 The homogeneous and isotropic universe

The modern ΛCDM-cosmology (concordance cosmology) is based on two
fundamental assumptions: First of all, the dynamics of the matter in the
universe is determined solely by Einstein’s general theory of relativity and
that the universe, if smoothed over large enough scales, appears homoge-
neous and isotropic to a family of “fundamental observers”. This statement
is expressed in mathematical terms by restricting the space-time metric to
the the Robertson-Walker form (Robertson 1935; Walker 1937)

ds2 = −c2dt2 + a2(t)
[
dr2 + S2

K(r)
(
dθ2 + sin2(θ)dϕ2

) ]
(1.2)
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with

SK(r) =


R sin(r/R) , K = 1 , positively curved
r , K = 0 , flat
R sinh(r/R) , K = −1 , negatively curved .

(1.3)

The coordinate t is the cosmic time and (r, ϕ, θ) are comoving spherical coor-
dinates for the spatial 3-hypersurface of constant cosmic time t. The dimen-
sionless scale factor a(t) describes the dynamics of the universe and is nor-
malized to a(t0) = 1 at the present epoch t0. The condition of homogeneity
and isotropy implies maximal symmetry for the spatial 3-hypersurfaces. A
maximally symmetric space can be positively curved (K = 1), flat (K = 0),
or negatively curved (K = −1). For the positively or negatively curved
cases the curvature radius of the spatial 3-space at the present epoch is
R. In coordinate system (t, r, ϕ, θ) the fundamental observers are those
with fixed comoving coordinates and clocks on fundamental observers tick
synchronous with cosmic time t.

If the metric is set to the Robertson-Walker form the matter source term
must take the form of an ideal fluid characterized by a matter density ρ
and a pressure p. The Einstein field equations then lead immediately to the
Friedman equation (Friedman 1922)(

ȧ

a

)2

=
8πG

3
ρ− Kc2R2

a2
(1.4)

which describes the dynamics of the universe. The conservation of energy
yields a second equation

ρ̇ = −3H
(
ρ+ 3

p

c2

)
. (1.5)

The matter density ρ(t) is generally the sum of several matter contributions
ρi(t), i = 1, . . . , N , with distinct time evolutions and associated pressures
pi(t). Their time evolutions are characterized by the equations of states

wi(t) =
pi(t)

ρi(t)c2
. (1.6)

If the matter species i is conserved it satisfies the conservation equation
(1.5) on its own which in case of constant wi(t) ≡ wi has the solution

ρi(t) = ρi(t0) a(t)−3(1+wi) . (1.7)
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Pressureless unrelativistic matter has an equation of state wm ' 0, rela-
tivistic matter and radiation have wr ' 1/3, and a cosmological constant
Λ acts phenomenologically like a fluid with wΛ = −1. Thus knowing the
density of every species at a single time enables one to solve the Friedman
equation and determine the expansion of the universe uniquely.

Observational cosmology

An important quantity in observational cosmology is the Hubble parameter
H(t) = ȧ/a whose present value, the Hubble constant H0, is parametrized
by h = (H0 100 Mpc/s/km)−1. Moreover, it is convenient to express the
energy densities ρi in terms of dimensionless density parameters Ωi defined
by

Ωi(t) =
ρi(t)

ρc(t)
, ρc(t) =

3H2(t)

8πG
, (1.8)

where we have introduced the critical density ρc. With this notation the
Friedmann equation simplifies to

N∑
i=1

Ωi(t) + ΩK(t) = 1 , ΩK(t) = − Kc2R2

H(t)2a2(t)
. (1.9)

The curvature density ΩK acts phenomenologically like a fluid with an equa-
tion of state wK − 1/3 and has been introduced only for the sake of a con-
venient notation.

Recent observations from the CMB combined with results from the bary-
onic acoustic oscillations (BAO) and local measurements of the Hubble con-
stant determined the present day cosmological parameters to (e.g. Komatsu
et al. 2011)

h ' 0.7 , ΩΛ ' 0.73 , Ωm ' 0.27 , Ωb ' 0.046 , (1.10)

where subscripts Λ, m and b stand for cosmological constant, total matter,
and baryons (including electrons), respectively. Note that only 17% of the
matter content is in form of baryons. The other 83% are in form of cold
dark matter (DM) usually regarded as a very weakly interacting particle
(WIMP). Moreover, the 95% confidence interval for the curvature of the
universe is |ΩK| . 0.01. So the universe is flat to a high precision and
we will stick to this case in the following. The contribution of radiation
and relativistic particles Ωr is negligible at the present time and can safely
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be neglected (however this is not true for the early universe due to their
equation of state).

In our cosmological framework the frequency ν(t) of a photon along its
path changes with the expansion of the universe according to

z + 1 =
ν(tem)

ν(tobs)
=
a(tobs)

a(tem)
, (1.11)

where tem is the cosmic time, when the photon is emitted, and tobs when
the photon is observed. The observable z is the redshift of the galaxy. Since
for a monotonically expanding universe there is a unique relation between
the redshift z and the comoving distance d where the photon was emitted,
i.e.

d(z) =

∫ z

0

c

H(z)
dz , H(z) = H0

√
ΩΛ + Ωm(z + 1)3 , (1.12)

the distance to galaxies can be determined by measuring their redshifts.

Peculiar velocities

The homogeneous and isotropic universe discussed so far has proofed to
be a very successful model in describing the zeroth order dynamics of the
universe. Smoothing the galaxy distribution over a scale of ∼ 100 Mpc
yields a homogeneous distribution varying only a few percent from place
to place (Hogg et al. 2005). On smaller scales, however, the universe is
strongly inhomogeneous which leads to deviations from the overall Hubble
flow of the order of a few 100 km/s. These deviations are termed “peculiar
velocities”. The radial components of the peculiar velocities of galaxies add
a contribution to their total redshift by means of the Doppler effect at the
position of the galaxies which observationally cannot be disentangled from
their cosmological contribution according to Eq. (1.11). For a galaxy with
radial peculiar velocity δv at cosmological redshift zcos the local Doppler
shift at the position of the galaxy is

1 + zp =

√
1 + δv/c

1− δv/c
' 1 +

δv

c
, (1.13)

for |δv/c| � 1, so the observable redshift z of the galaxy becomes

1 + z = (1 + zcos) (1 + zp) = (1 + zcos)

(
1 +

δv

c

)
(1.14)
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leading to the redshift perturbation

δz = z − zcos = (1 + zcos)
δv

c
. (1.15)

This redshift perturbation produces a spurious displacement δl of the galaxy
along the line of sight of the order

δl = d(z)− d(zcos) '
∂d

∂z
(zcos) δz =

c

H(zcos)
δz . (1.16)

Therefore in observational cosmology one has to distinguish between an
ideal “real space”, where the true distances of galaxies are known, and the
observable “redshift space” in which distances are computed by the observed
redshift.

Peculiar velocities are particularly obvious in galaxy groups. Since they
affect only the position of galaxies along the line of sight, galaxy groups
appear elongated in redshift space. This particular feature was termed
“fingers-of-god” because the groups seem to point at us. For a group with
velocity dispersion σv at redshift zgr the associated finger-of-god has the
length

l =
c

H(zgr)
σz =

1 + zgr

H(zgr)
σv , (1.17)

where σz denotes the redshift dispersion of the galaxies. This is a convenient
formula for measuring the velocity dispersions in groups by means of their
redshift distribution (see chapter 4). Thus the peculiar velocities of galaxies
are both a blessing and a curse; they obscure the real positions of galaxies,
but provide us valuable information about the dynamics of galaxies.

1.4.2 Structure formation

The theory of structure formation aims at explaining how the observable
structures in the universe originated out of an almost perfectly homogeneous
initial universe. The overall theory including the formation of galaxies is
generally very complex. However, since the physics of DM is relatively
simple due to their weak interaction, the evolution of the DM part can be
studied easily and is well understood today. Moreover, since most part of
the matter in the universe is in form of DM, the overall structure formation
on scales &1 Mpc is dominated by the physics of DM, whereas the baryons
play only a very minor role.4 The complex physics takes place on the smaller

4A example of the manifestation of baryonic physics in the large scale structure are the
BAOs.
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scales where baryons have collapsed to form galaxies which in turn affect
their own evolution and that of their neighbors by feedback processes.

The main idea is that the universe initially was extremely homogeneous
except of very tiny perturbations conveniently expressed by the overdensity

δ(x) =
ρ(x)− ρ̄

ρ̄
, (1.18)

where ρ̄ is the mean density in the universe. These perturbations then
grew by the action of gravity. The corresponding theory for δ � 1 was
first developed by Lifshitz (1946) in a remarkable paper considering the
full general relativistic case. According to his result the amplitude of small
inhomogeneities in an expanding universe can maximally grow proportional
to cosmic time t.

In the corresponding Newtonian theory (Bonnor 1957), which is sufficient
for our purposes, the hydrodynamical equations in an expanding universe
are solved at first order for a weakly perturbed fluid. The general pertur-
bations can be decomposed in a superposition of five independent modes
(1 entropy, 2 vortical, 2 adiabatic) of which only the adiabatic modes have
the potential to grow and whose Fourier modes δ(k, t) obey the first order
equation

δ̈ + 2H δ̇ +

(
c2

sk
2

a2
− 4πGρ̄

)
δ = 0 , (1.19)

where cs is the sound speed of the unperturbed background fluid. This
equation has two independent solutions (the two adiabatic modes). For
scales λ = 2πa/k larger than the Jeans length λJ = cs

√
π/(Gρ) this equa-

tion allows a growing and a decaying solution and for scales λ � λJ the
k-dependent term in Eq. (1.19) can be neglected so that it becomes inde-
pendent of k. This allows the introduction of the linear growth function
D(t) such that δ(k, t) = δ(k, t0)D(t) for any scale sufficiently large, where
the decaying mode has been neglected. Since cold DM is very weakly in-
teracting its sound speed is essentially zero and so the use of the growth
function is a good approximation at basically all scales. For baryons the
sound speed is of order of the speed of light as long as they are coupled
to the photons in the early universe. After recombination it dramatically
dropped off so that also baryons could start to grow.

Even before the establishment of any theory for the very early universe
like cosmic inflation which was able to set the initial conditions for structure
formation it was guessed that at very early times the overdensity field δ(x)
can be regarded as a realization of a zero-mean Gaussian random field with
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a scale invariant power Spectrum (Harrison 1970; Zel’Dovich & Novikov
1970; Peebles & Yu 1970)〈

δ(k)δ(k′)
〉

= (2π)3δD(k − k′)P(k) , P(k) ∝ kns , (1.20)

where the spectral index is ns ' 1. The modern theory of inflation has
provided an intriguingly simple and natural mechanism of producing such a
spectrum in the very early universe (Bardeen et al. 1983) and the Gaussian
nature of the primordial density field has been confirmed in the meantime
by the CMB to very high accuracy (e.g. Komatsu et al. 2011). The power
spectrum then grows proportional to D(t)2 for any scale as long as δ(k, t)�
1 and so the linear power spectrum is defined by

Plin(t, k) = A0 k
ns T 2(k)D2(t) , (1.21)

where A0 is a normalization constant and T (k) the transfer function. The
transfer function has been invoked to take into consideration how small
Fourier modes δ(k, t) are affected if they enter the horizon during the time
when the universe was radiation dominated. Since during radiation domina-
tion DM perturbations inside the horizon cannot grow efficiently (Meszaros
1974), the power spectrum is suppressed for these modes. The normaliza-
tion A0 is usually expressed by the cosmological parameter σ8 being the
variance of the present day linear overdensity field smoothed over a top
hat filter of radius 8h−1 Mpc. The latest observations indicate σ8 ' 0.82
(e.g. Komatsu et al. 2011).

When the perturbations δ(k) approach an amplitude of order unity, the
first order equations break down and the growth of perturbations becomes
nonlinear. The treatment of the nonlinear structure formation is much more
difficult than the linear one and can only be treated by rough models except
for simple simple cases. However, since the primordial power spectrum
vanishes for very large scales it is at any time possible to define a threshold
scale kth such that for k < kth the total power spectrum is well approximated
by P(t, k) ' Plin(t, k). The scales for which this is valid is called the “linear
regime”. This concept is very useful in cosmology since for the linear regime,
the cosmological theory of structure formation is particularly simple and
well understood.

A simple but relatively useful model for the treatment of the nonlin-
ear growth of perturbations is the spherical top hat model (Peebles 1980,
Sect. 19). Suppose a homogeneous spherical overcritical perturbation of
mass M within an otherwise critical homogeneous expanding background
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universe. The perturbation is initially expanding with the background, but
due to its overcritical mass its expansion will slow down until it entirely
decouples from the expansion of the background. From this moment the
perturbation starts to contract and will finally form a compact object of
mass M . For a perfectly spherical overdensity the mass would actually col-
lapse to a single point, in reality, of course, such perfect symmetry does not
exist and it occurs instead extreme “shell crossing” (Gunn 1977) and “vi-
olent relaxation” (Lynden-Bell 1967) until a pressure supported, virialized
object has formed — a halo. The interesting point of the spherical top hat
model is beside its exact analytical solution that it shows that the virialized
object has a total overdensity of ∆c ' 178 independent of its mass. The
second point is that the model shows that a halo has formed basically when
the linear overdensity crosses a critical value of δc ' 1.69.5 The former point
has been exploited in DM numerical simulations to identify virialized halos
and the second is the starting point in Press-Schechter like approaches to
connect the nonlinear theory with the linear one.

The formation of the DM halos can be regarded as the first of a two-step
process for the evolution of galaxies (White & Rees 1978). In the second
step, the baryons fall into the DM halos, where they become shock heated,
and form galaxies by cooling down. Many details of this second process are
still open (for a recent review see e.g. Mo et al. 2010), but a quantitative
consideration of the different time scales involved such as the Hubble time
τH, free fall time τff , and cooling time τcool make it understandable why, for
instance, the Coma cluster is not just a scaled up version of the Milky-Way,
although the dark matter halos of the two behave more or less self-similar.
The merging of several DM halos containing galaxies finally leads to the
formation of groups, i.e. large DM halos containing several galaxies.

5The cited numbers are for the case of an Einstein-de Sitter universe, i.e. Ωm = 1. For the
case of a universe with Ωm + ΩΛ = 1 Eke et al. (1996) give an analytical prescription
and show that, while δc is rather insensitive of the presence of a cosmological constant,
∆c decreases for increasing ΩΛ. Furthermore, the existence of a non-zero ΩΛ prevents
very small initial perturbations from collapsing (see also Weinberg 2008, Sect. 8.2).
Bryan & Norman (1998) provide a fitting formula for the ∆c(ΩΛ) of Eke et al. (1996):

∆c(ΩΛ) = 18π − 82 ΩΛ + 39 Ω2
Λ .

For ΩΛ = 0 we recover ∆c = 178 and for ΩΛ = 0.7 we find ∆c ' 101.
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1.4.3 The statistics of DM halos

Although the nonlinear evolution of cosmic structure is generally very com-
plicated, there have been a lot of attempts to gain at least rough insight
into the cosmology of DM halos. Of particular interest are the mean number
density and power spectra of DM halos as a function of their mass.

Press & Schechter (1974) have pioneered this attempts by a very simplistic
argument. By smoothing the Gaussian density field δ(x) over a radius R it
contains information about the fluctuations of the mass range M = 3πR3/4.
Since a smoothed Gaussian density field is still Gaussian it is very simple to
compute the fraction f of points of this density field exceeding the critical
threshold δc = 1.69. Since this is the linear overdensity of a halo of any
mass, Press & Schechter (1974) assumed that the fraction of the total mass
in the universe associated with halos of mass >M is equal to f . This allowed
them to derive an analytic formula for the mean number density of halos of
a certain mass per comoving volume (“mass function”):

n̄h(M) =
ρ̄√
π

γ

M2

(
M

M∗(t)

)γ/2
exp

[
−
(

M

M∗(t)

)γ ]
(1.22)

with neff = ns+2d ln(T )/d ln(k), γ = 1+neff/3, andM∗(t) = M∗(t0)D(t)1/γ .
Here neff(k) is the k-depending effective spectral index taking into account
the change of the slope of the primordial power spectrum after recombina-
tion and should be evaluated at the typical scales at which halo formation
occurs leading to neff . −1. Although the Press-Schechter approach is very
simplistic and contains some problematic assumptions (see e.g. Longair 2008
for a discussion), the resulting mass function is correct to an order of mag-
nitude over a broad range of masses and particularly shows the exponential
dependence of the high mass end on σ8 (here contained in M∗(t0)).

To obtain rough estimates for the DM halo power spectrum the approx-
imation of the “Peak-Background split” was invoked (Cole & Kaiser 1989;
Mo & White 1996). That is the matter overdensity δ(x) is decomposed
into a short wavelength perturbation δh and a long wavelength background
perturbation δb such that δb � 1 and δb is roughly constant over the re-
gion where the short wavelength perturbation δh collapses into halos. The
effect of δb is to perturb the critical threshold which must be reach by δh

to collapse into a halo as δ̃c = δc − δb. Since the Press-Schechter mass
function depends on the value of the threshold δ̃c the number of halos now
varies from place to place and since the value of δ̃c depends finally on the
background perturbation δb one can relate the power spectrum of δb (being
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the linear power spectrum) with that of DM halos. If one also considers the
fact that the initial region of the background perturbation becomes smaller
with time due to the (slow) growth of this background perturbation, one
obtains the relation

Phh(r,M) = b2h(M) Plin(r) , bh(M) = 1 +
ν2 − 1

νσ
(1.23)

with bh the “linear bias”. This result shows that DM halos are biased tracers
of the underlying mass field with a mass dependent bias — the higher the
mass, the stronger the bias.

The mass function and the linear bias of DM halos are a crucial ingredient
of the “halo model” which is very successful at describing the power spec-
trum of a certain population of galaxies in the linear and nonlinear regime.
It will be briefly reviewed in chapter 7. In the last ten years the analytic
formulas (1.22) and (1.23) have been replaced by high precision fitting for-
mula from simulations (e.g. Tinker et al. 2008; Pillepich et al. 2010; Tinker
et al. 2010) which for a ΛCDM-cosmology and a redshift range z . 1 reach
precisions of a few percent in the mass range of groups.

1.5 The structure of this thesis

The aim of this thesis is to present an in depth study of the groups in the
zCOSMOS survey. The structure of this thesis is as follows:

Chapter 2 This chapter describes the design, the data reduction and the
data samples of the zCOSMOS survey. As a core member of this
survey my share of workload included the preparation of several masks
and the reduction, redshift assignment and final reconciliation of about
1/8 of all zCOSMOS bright spectra. My thesis is mainly based on that
data (10k and 20k samples), were a solid understanding of the basic
properties of these galaxy samples is important for many applications.
In this chapter, I also describe the construction of appropriate galaxy
mock catalogs and discuss the detectability of groups in a magnitude
limited survey.

Chapter 3 A significant fraction of my research time was spent on devel-
oping and testing of sophisticated methods to detect groups in inho-
mogeneous and magnitude limited spectroscopic galaxy surveys. This
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chapter summarizes these methods and also the statistics of the re-
sulting mock group catalogs for the 10k and 20k samples. The whole
chapter is based on simulated data.

Chapter 4 The zCOSMOS group catalogs are described in this section.
I further discuss the estimation of several group properties such as
velocity dispersion and dynamical mass. Moreover, The number of
groups and the fraction of group galaxies are compared to the mocks
and to the local 2dfGRS. The latter analysis demonstrates the buildup
of the cosmic group structure over time.

Chapter 5 In this chapter I expand the methods for detecting groups by
developing a scheme to populate detected groups by surrounding pho-
tometric galaxies in a probabilistic way. This produces complete mag-
nitude limited group populations which is important for certain studies
such as the investigation of the colors of central and satellite group
galaxies. I already make the first step in this direction by also assign-
ing to each galaxy a probability for being the most massive of a group,
and I demonstrate how the inclusion of photometric information can
improve group center estimations.

Chapter 6 This chapter is special in so far as I describes two projects I was
not leading myself, but which I was a collaborator of and which are
heavily based on my group catalog. I summarize the investigations
of the evolution of galaxies in groups as compared to the field. This
chapter demonstrates the potential of my group catalogs for scientific
investigations and partially answers the question of the importance of
groups for the global evolution of galaxies.

Chapter 7 Finally, I perform a correlation function analysis with my 20k
group sample to explore the relation between clustering and estimated
group mass. The aim of this study is the carrying out of a consistency
test in the framework of ΛCDM structure formation.

Chapter 8 Here I provide an overall summary of my findings and propose
further studies for the future.

For the whole thesis except of chapter 6 I stick to the cosmology of the
simulated galaxy mock catalogs being h = 0.73, Ωm = 0.25 and ΩΛ = 0.75.
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Chapter 2
The zCOSMOS survey

Parts of this chapter are published in Knobel et al. (2009).

zCOSMOS is a major spectroscopic redshift survey (Lilly et al. 2007)
covering the ∼ 1.7 deg2 field of the Cosmic Evolution Survey (COSMOS,
Scoville et al. 2007b). With about 600 hours of service mode on the Euro-
pean Southern Observatory’s (ESO) 8 meter Very Large Telescope (VLT),
being the largest European optical telescope, makes it the largest single ob-
serving project1 undertaken so far on that facility. In this chapter, I will
give an introduction to this survey, and then discuss the construction of
appropriate mock catalogs and the detectability of groups.

2.1 Survey description

2.1.1 Survey goals

The zCOSMOS survey can basically be regarded as an extension of the
COSMOS survey whose goals are the investigation of the physical relations
between the evolution of galaxies, the activity of their central black holes,
and the large scale environment over a fairly large redshift range z . 6.
The area of COSMOS was designed to contain the full range of large scale
structure from huge structures to small voids.2 Covering a ∼2 deg2 equato-

1Large Program 175.A-0839
2Although COSMOS covered an unprecedented area for a survey of that depth and does

in fact contain different galaxy density environments, it cannot be regarded as a “fair
sample” in the statistical sense, at least for z . 1. That is the COSMOS light cone is
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rial field and providing Hubble Space Telescope (HST) Advanced Camera
for Surveys (ACS) I-band (F814W) exposures of the whole field down to
about IAB < 28 (5σ, see Scoville et al. 2007a; Koekemoer et al. 2007) it
is the largest HST survey ever conducted on a contiguous field yielding re-
solved morphologies for several hundred thousands of galaxies. Moreover,
the survey has been followed up in more than 30 bands from radio to X-ray
wavelengths (Capak et al. 2007) and hence cannot only address almost ev-
ery aspect of observational cosmology and galaxy evolution, but also allows
the estimation of fairly precise photometric redshifts (photo-z) with an ac-
curacy of σz ∼ 0.01(1 + z) (Ilbert et al. 2009). These photo-zs allow the
identification of the highest density peaks of the large scale structure, but
are by far not precise enough to resolve the smaller scale environments of
galaxy groups.

This is where zCOSMOS comes in. Its main goal is the characteriza-
tion of the galaxy environments throughout the COSMOS light cone up to
z ∼ 3 by systematically taking spectra and measuring the spectroscopic
redshifts (spec-z) of galaxies being much more precise than the correspond-
ing photo-zs. Moreover, the spectra of galaxies themselves provide valuable
information on the nature of galaxies such as their star formation rates, ac-
tive galactic nucleus (AGN) classification, metallicities etc. and constitute
an important calibration tool for photo-z.

2.1.2 Survey design

To be a feasible project over a redshift range as large as 0 . z . 3 zCOSMOS
is divided into two parts: “zCOSMOS-bright” and “zCOSMOS-deep”. The
former part is completely magnitude selected by 15 ≤ IAB ≤ 22.5 and covers
with an area of ∼1.7 deg2 most of the COSMOS field. The magnitude limit
sets the redshift range to 0.1 . z . 1.2. The latter part aims to cover the
redshift range 1.5 ≤ z ≤ 3 and is therefore based on a color preselected
sample of galaxies. Due to its depth, zCOSMOS-deep covers only about
the central ∼1 deg2 area of the COSMOS field. The zCOSMOS survey was
designed to contain after completion over 20,000 galaxies in the bright and
about 10,000 in the deep part. The bright part is finished by now and has
accomplished this goal. This thesis based on the bright part of the survey
and in the following I will focus on this part only.

not a necessarily a typical representative for the large scale structures in the universe
and investigations restricted to this light cones might be prone to “cosmic variance”
(cf. figure 2.4).
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The spectra for zCOSMOS-bright were taken with the Visible Multiobject
Spectrograph (VIMOS) (Le Fèvre et al. 2003) using a medium resolution
(MR) R ∼ 600 grism for 1 arcsec slits in the spectral range 5500-9650 Å.
VIMOS is a multislit spectrograph being able to observe simultaneously
with four quadrants each roughly covering 7× 8 arcmin2 and separated by
an 2 arcmin wide cross-shape. Placing this spectrograph four times, each
time shifted by about 2 arcmin, allows to compensate roughly for the 2
arcmin gaps between the quadrants and so to cover the corresponding area
roughly homogeneously. This is the basic strategy pursued by zCOSMOS.
By observing the whole zCOSMOS area by this method, each target object
within the central area gets four chances to be selected, at the borders two
chances, and at the corners one. Since for every pointing there were two
masks, the whole area was covered twice by zCOSMOS so that there were
finally eight passes in the central field, four at the borders, and two at the
corners.

The slit masks for VIMOS were prepared by the VMMPS software (Bot-
tini et al. 2005). The core of this software is the Slit Positioning Optimiza-
tion Code (SPOC) which chooses the objects from the input catalog on the
area of a quadrant in such a way to maximize the number of slits being
always oriented north-south (and so the spectra on the CCD appear east-
west). However, not all objects of the target input catalog (see Lilly et al.
2007 for details) got the same observing priority. Some objects (∼ 20%)
were flagged as stars (“forbidden”) based on the fact that they are not
resolved on the HST image and have typical spectral energy distribution
(SED) of stars. Other objects (∼ 1%), particularly X-ray, were flagged as
“compulsory” with a higher observing priority. These objects (and a few
non-compulsory radio sources) were also allowed to be slightly fainter than
IAB = 22.5. A quadrant was typically assigned around 20-30 slits (but
sometimes up to more than 50).

2.1.3 Reduction of spectra

The reduction of data and measurement of redshifts was carried out us-
ing the VIPGI software (Scodeggio et al. 2005). While many steps in this
pipeline were performed automatically, there were at least three important
steps which required manual intervention: First, checking the proper assign-
ments of emission lines to the lamps used to create the lambda calibration,
second, the selection of appropriate objects for computing the correction
for the atmospheric absorption around 7600 Å, and third, the measurement
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of the redshifts. For the last point there exist, of course, also software
(e.g. EZ) which could be used as a first guess, the correct determination for
a significant fraction of galaxy redshifts would, however, not been possible
without visual inspection. Additional intervention was sometimes forced by
the presence of “secondary objects”, i.e. additional objects in the slit which
are not the primary targets, which made a manual check of the correct
assignments of object IDs necessary.

Two examples of spectra are shown in the figures 2.1 and 2.2 which also
show some of the difficulties for the redshift determination. While in figure
2.1 the OII line on the left is clearly genuine, many lines on the right are
produced by subtraction of the night sky. On the other hand, on the right
side of the spectrum in figure 2.2 is an oscillating feature visible (also visible
in the 2D spectrum) which is “fringing”. These fake lines are one of the
reasons why automated software sometimes struggles to find the correct
redshift. Other difficulties in the estimation of redshifts are, for instance,
the occasional occurrences of secondary objects. These objects contaminate
the subtraction of the night sky and sometimes produce “merged” spectra,
i.e. spectra with two different redshifts. Also nearby stars can affect the
detected spectra of galaxies.

To assure the reliability of the redshifts and to minimize human mistakes,
every spectrum was reduced in two different institutes and later reconciled.
In order to classify the quality of the redshifts, every spectrum was given a
confidence class and was later compared with the corresponding photo-z of
the galaxy (see Tab. 1 of Lilly et al. 2009). Repeated observations and the
existence of many secondary objects allowed the estimation of the proba-
bility of correct redshift assignments for each confidence class (see Tab. 2
of Lilly et al. 2009) and allowed an estimation of the redshift uncertainty.
The redshift errors are approximately Gaussian distributed with a standard
deviation of σv ' 100 km s−1. This is sufficient for the resolution of galaxy
groups.

My share of workload described in this chapter included the preparation of
several masks and the reduction, redshift assignment and final reconciliation
of about 1/8 of all zCOSMOS bright spectra. That amounts to roughly 2,500
spectra.

2.2 The spectroscopic samples

There were two major data releases — the first containing about 10, 500
spectra (“10k sample”, Lilly et al. 2009) and the second one for the com-
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Figure 2.1 Cutout from VIPGI showing the spectrum of a galaxy
(ID 818491) with some emission lines. At the top is the 2D spectrum,
in the middle the 1D spectrum and at the bottom the spectrum of the
night sky. Good visible is the bright OII line on the left. On the right
are many spurious emission line feature as is clear by an inspection of
the 2D spectrum and the night sky (the 2D spectrum clearly exhibits
horizontal subtraction features). However, the emission line (OIII) is
real as is also exhibited by the 2D spectrum. And also Hβ is probably
there. The redshift of this galaxy is z = 0.7383 with confidence class
3.
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Figure 2.2 Cutout from VIPGI showing the spectrum of a bright
early type galaxy (ID 818637). At the top is the 2D spectrum, in the
middle the 1D spectrum and at the bottom the spectrum of the night
sky. Obvious are the absorption features from G-band, Hβ, MgI, CaFe
and NaD. The oscillating feature on the right side (also visible in the
2D spectrum) is “fringing”. The redshift of this galaxy is z = 0.3625
with confidence class 4.
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Figure 2.3 Spatial sampling rate for the zCOSMOS survey. The left
panel is for the 10k sample and the right panel for the 20k. The pixel
size is 1.5 arcmin. The black boxes show the central regions for which
the survey is most complete.

plete survey containing about 20, 700 spectra (“20k sample”, not yet pub-
lic). The corresponding sampling rates (i.e. the fraction of objects of the
target catalog for which a spectrum was obtained) are shown in figure 2.3.
Particularly for the 10k sample the inhomogeneity is obvious. However, also
for the 20k sample, though much higher overall completeness, there is no
perfect homogeneity achieved but is still a striped pattern visible which has
its origin in the way the SPOC software assigns the slits on the quadrants.
Since the slits are always in north-south direction (so that the spectra are in
east-west direction) and since there is only space for typically two spectra
in turn in east-west direction, they thend to build typically two lines on
each quadrant in north-south direction. The superposition of many shifted
passes lead to this particular pattern.

The second factor determining the final sample is the redshift success
rate (RSR) being the fraction of successful determined redshifts of the total
number of spectra. As mentioned in the previous section, every spectrum
got a confidence class and was compared with photo-z. The classes 0, 1.1,
1.4, 2.1, and 9.1, constituting about 12% of the total sample, are typically
regarded as “failed” redshifts, while the remaining are “successful”. For this
definition, the RSR is a function of redshift, apparent magnitude and rest-
frame color (see Figs. 2 and 3 in Lilly et al. 2009). The broad dependences
of the RSR can be understood in terms of detectability of certain features
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Table 2.1. Basic properties of the 10k and 20k samples

full area central region

sample area # gal. compl.a area # gal. compl.a

(deg2) (deg2)

10k <1.58b 8417 <29%b 0.64 6872 38%
20k 1.58 16656 48% 0.99 12963 56%

aCompleteness combining sampling rate and RSR

bThe exact computation for these quantities for the full 10k sample
are difficult since this samples has big holes at the borders. So these
values are upper limits.

(e.g. emission lines) in the spectral range 5500-9650 Å. The sampling rate
and the RSR can be roughly treated as independent.

For the purpose of group-finding I have included the class 1.4 (i.e. insecure
redshifts for which no photo-z is available) because the confidence class 1
nevertheless has a spectroscopic verification rate of 70% and since a couple
of failed redshifts (i.e. random points in redshift space) do not affect the
group-finding procedure. The final galaxy sample of reliable redshifts used
for this thesis has a spectroscopic verification rate of ∼98-99%. To have a
well defined survey border, I restricted the sample to the area 149.47◦ . α .
150.77◦ and 1.62◦ . δ . 2.83◦. After removing the stars in the spectroscopic
sample (∼5%) we are left with 8417 galaxies in the case of the 10k sample
and 16656 galaxies for the 20k. In the following, the terms “10k” and
“20k” sample always refer to these samples of reliable redshifts. The basic
properties of these samples are summarized in table 2.1.

For some applications it is useful to further restrict the area of the survey
to the central region where the sampling rate is highest. In the case of the
10k sample this region is defined by α = 150± 0.4◦ and δ = 2.15± 0.4◦ and
for the 20k by α = 150.12± 0.54◦ and δ = 2.22± 0.46◦ (see black rectangles
in Fig. 2.3).

The number of galaxies per redshift dNgal/dz within the 10k sample is
shown in figure 2.4. There are two striking density peaks at redshifts z ∼ 0.4
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and ∼0.7.

2.3 zCOSMOS mock catalogs

The availability of simulated galaxy surveys (“mocks”) subjected to the
same observational selection effects like the real survey is very useful for
different reasons. They allow the testing of programming codes, the op-
timization of free parameters, and to compare simulations to real data as
a test for the simulations. For a proper use, however, it is important to
understand the scope and limitations of them.

The mocks I created are adapted from the COSMOS mock light cones
(Kitzbichler & White 2007) which are based on the Millenium DM N -
body simulation (Springel et al. 2005) run with the cosmological parameters
Ωm = 0.25, ΩΛ = 0.75, Ωb = 0.045, h = 0.73, n = 1, and σ8 = 0.9. The
semi-analytic recipes for populating the DM halos with galaxies are that of
Croton et al. (2006) as updated by De Lucia & Blaizot (2007). There are
24 independent mocks, each covering an area of 1.4 deg × 1.4 deg with an
apparent magnitude limit of r ≤ 26 and a redshift range of z . 7.

These light cones were adjusted to resemble the real 10k and 20k samples
as much as possible. First, a magnitude cut of 15 ≤ i ≤ 22.5 was applied.
However, the mean number of galaxies in the resulting mocks was about
5-10% higher than in the zCOSMOS target catalogue (i.e. a 1-2σ effect).
To make the mocks more closely resemble the real data (and to have the
same galaxy densities in the mocks which is important for properly optimiz-
ing the group-finding parameters, see chapter 3), I adjusted the magnitude
cut in a redshift dependent way so that the mean number of galaxies per
unit redshift N̄gal(z)/dz of the purely magnitude selected mock samples was
equal to the smoothed Ngal(z)/dz of the zCOSMOS input target catalogue
whose redshift distribution was obtained using photo-zs. Then, the spa-
tial sampling rate and RSR were simulated by removing galaxies from the
mocks according to the probability that a galaxy with a certain position
and redshift would have been observed in the zCOSMOS survey.3 Since
zCOSMOS is a slit-based survey, I expect for the real data to be slightly
bias against close neighbours. However, it turns out that this effect is rather
small due to the multiple passes and it is even more than compensated by

3The effect of compulsory objects was neglected. Also regarding the RSR I have only
considered its effective redshift dependence in order to, at least, get the right number
of galaxies at any redshift. The magnitude and color dependences have been neglected
due to the magnitude problems mentioned above.
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Figure 2.4 Number of galaxies per redshift dNgal/dz of the 10k sam-
ple. The histogram shows the dNgal/dz of the 10k sample used in this
paper. Two large over-densities at z ∼ 0.4 and z ∼ 0.7 are clearly vis-
ible. The dashed line shows the mean dNgal/dz of the 24 mocks and
the shaded area their scatter. The magnitude limit in the mocks has
been adapted such that the mean dN̄gal/dz of i ≤ 22.5 limited mock
samples match the smoothed dNgal/dz of zCOSMOS target catalog
(see text). The shaded area shows that, although COSMOS covers an
unprecedentedly large area for a survey of this depth, cosmic variance
is still an important issue.
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the existence of secondary objects (P. Kampczyk, private communication).
So the possible variation in sampling rate on these small scales, which is
anyway well below the mean intergalactic separation in 3-d space, has been
neglected in constructing the mocks. To further enhance the conformity
with the zCOSMOS samples, the redshift of each galaxy was perturbed
by an amount drawn from a Gaussian distribution with standard devia-
tion σz = 100(1 + z)/c km s−1. Figure 2.4 shows the comparison of the
Ngal(z)/dz of the final 10k mocks with the real 10k sample.

Accepting the standard ΛCDM cosmology, the strength of the mocks are
basically the DM skeleton of the large scale structure. That is the number
density and distribution of DM halo (and thus of the galaxies residing in
them) for scales &1 Mpc and their evolution with redshift should be reliable.
On the other hand, the mocks are prone to differ from reality wherever they
are sensitive to the details of the adopted semi-analytic model which is
mainly the case for the intrinsic properties of the galaxies (e.g. luminosity,
star formation rate, stellar mass) as a function of environment and redshift.
This is what we have to keep in mind when using the mocks.

2.4 Detectability of groups

A group is defined as the set of galaxies occupying the same DM halo.4 As
an immediate consequence we can only hope to detect those groups which
host at least two galaxies in a given galaxy sample. The collection of all
these “detectable groups” constitutes the ideal (or “real”) group catalog.
This is the best catalog which can be produced with that sample, and this
is the catalog I aim to reconstruct in chapter 3. Any DM halo hosting only
a single galaxy within the sample is not detectable and the corresponding
galaxies will be termed “field galaxies”. For this reason, even the ideal
group catalog that is detectable will not be a complete rendition of the
true underlying group population in the universe. Nevertheless, whenever
I discuss the statistical properties of a group catalog, such as completeness
or purity (see section 3.2), these will be measured relative to this “ideal”
group catalog, rather than the unobservable underlying population.

4Throughout this thesis, I define a DM halo operationally as a Friends-of-Friends group
of DM particles with a linking length of b = 0.2, since this is the definition adopted
in the Millennium DM N -body simulation (Springel et al. 2005) on which our mocks
are based. So DM halos correspond to a mean overdensity of roughly 200. Alternative
practical definitions or higher overdensities would then, in principle, correspond to
different groups and group catalogs.
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In a flux limited survey such as zCOSMOS, the observed population of
galaxies changes with redshift, and the same holds for the groups. For
instance, for a group to be detectable at high redshift, it has to host at
least two rather bright galaxies while this is not necessary at low redshift.
Figure 2.5 shows the fraction of detectable groups in the 10k mocks as
a function of the halo mass in two redshift bins and figure 2.6 shows the
completeness of the 20k catalog for different masses as a function of redshift.

The 20k catalog is complete to more than 90% for masses > 1013.5 M�
up to a redshift of z ' 0.8. For groups more massive than 1012.5 M� the
completeness decreases linearly with redshift starting with a completeness
of ∼90% to a completeness of ∼10% at z ' 0.9.
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Figure 2.5 Fraction of detectable groups in 10k mocks as a function of
DM halo mass. The left panel shows the redshift range 0.2 ≤ z ≤ 0.5,
and the right panel shows 0.5 ≤ z ≤ 0.8. The upper panels show
the number density of halos in the 10k mocks (blue), in a purely
i ≤ 22.5 limited sample (red), and in total (black), and the lower
panels show the fraction of halos in the 10k sample (solid line) and in
the magnitude limited sample (dashed line) with respect to the total
number of halos at a given mass. The shaded regions show the upper
and lower quartiles of the fractions among the 24 mocks. For both
redshift ranges, the 10k sample was restricted to the central region of
the survey.
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Chapter 3
Identifying groups in spectroscopic
redshift surveys

Parts of this chapter are published in Knobel et al. (2009).

Searching for groups in optical surveys means basically to identify over-
densities in redshift space, luminosity and/or color space, depending on
the availability of redshift information and/or photometry (for a review see
e.g. Gerke et al. 2005 Sect. 4.1; Gal 2006). Whatever method is used, it
should conform to the following general rules (see e.g. Gal 2006): First, it
should be based on an objective, automated algorithm to minimize human
biases. Second, the algorithm should impose minimal constraints on the
physical properties of the groups to avoid selection biases.

The large number of accurate spectroscopic redshifts available from zCOS-
MOS enables us to use the most fundamental signature of groups being over-
densities in redshift space without recourse to additional color information.
Nevertheless, even with precise spectroscopic redshifts, to identify groups in
redshift space one has to deal with certain difficulties: Firstly, the peculiar
velocities of galaxies in groups elongates groups in the redshift dimension
(the “fingers-of-god” effect). This effectively decreases the galaxy density
within groups in redshift space, and thus makes them harder to detect, and
may cause group members to intermingle with other nearby field galaxies or
even to merge into another nearby group. It is almost impossible to separate
interlopers from real group galaxies if they appear within the group in red-
shift space. Second, in magnitude limited surveys such as ZCOSMOS, the
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mean density of galaxies decreases with redshift. So any algorithm based
on the distance between neighboring galaxies has to take into account the
dependence of the mean galaxy separation with redshift. Third, the ob-
servational selection of galaxies (e.g. inhomogeneous sampling rate in the
spectroscopic survey) frequently produce additional complications.

To cope with these difficulties, some forms of the traditional Friends-
of-Friends (FOF) algorithm (Huchra & Geller 1982) are still widely used
(e.g. Eke et al. 2004; Berlind et al. 2006), although FOF has some well
known shortcomings (e.g. Nolthenius & White 1987; Frederic 1995). For
instance, the FOF algorithm depends sensitively on the value of the linking
length, and can merge neighboring groups into single big groups, or fragment
large groups into smaller pieces. Marinoni et al. (2002) developed a different
algorithm which is based on the Voronoi-Delaunay tesselation of the galaxy
positions in redshift space, which is argued to compensate for some of the
shortcomings of the traditional FOF algorithm. Gerke et al. (2005, 2007)
have adapted this method and applied to the DEEP2 galaxy sample to
produce the first major group catalog at high redshift.

In this chapter, I will present the methods which I have developed to iden-
tify the groups for the zCOSMOS 10k and 20k samples. The whole chapter
is based on the mock catalogs described in section 2.3. The results on the
real data will be presented in the next chapter. In a first step, I describe the
basic FOF and Voronoi-Delaunay Method (VDM) algorithms (Sect. 3.1) and
discuss the statistical properties of the resulting group catalogs (Sect. 3.2).
In a second step, I will generalize these methods by introducing a multi-run
scheme and merge the resulting catalogs from the two algorithms to obtain
a single optimized catalog (Sect. 3.3). Section 3.4 then provides an exten-
sive statistical description of the final mock group catalogs and compares
them with the groups from the DEEP2 survey. Most of the work presented
in this chapter was performed for the 10k sample and published in Knobel
et al. (2009). After the 20k sample became available, I tried to further im-
prove the methods developed for the 10k sample and tested them for higher
richness classes. Section 3.5 presents these modifications and provides a
statistical summary of the 20k mock group catalogs. Moreover, I introduce
the concept of group robustness.
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3.1 Group-finding algorithms

3.1.1 Friends-of-Friends (FOF)

The FOF algorithm is adopted from (Eke et al. 2004). It has three free pa-
rameters: the linking length b, the maximum perpendicular linking length
in physical coordinates Lmax, and the ratio between the linking length along
and perpendicular to the line of sight R. The exact meaning of these param-
eters becomes clear by regarding the linking criteria: Consider two galaxies
i and j with comoving distances di and dj respectively. These two galaxies
are assigned to the same group if their angular separation θij satisfies

θij ≤
1

2

(
l⊥,i
di

+
l⊥,j
dj

)
(3.1)

and, simultaneously, the difference between their distances satisfies

|di − dj | ≤
l‖,i + l‖,j

2
. (3.2)

l⊥ and l‖ are the comoving linking lengths perpendicular and parallel to the
line of sight defined by

l⊥ = min

[
Lmax(1 + z),

b

n̄1/3

]
(3.3)

l‖ = R l⊥, (3.4)

where n̄ is the mean density of galaxies. Since the sample of galaxies is mag-
nitude limited, the mean density of galaxies decreases with redshift leading
to a steady increase of the mean inter-galaxy separation with redshift. Eke
et al. (2004) argued that scaling both l⊥ and l‖ with n−1/3 will compensate
for the magnitude limit and lead to groups of similar shape and overdensity
throughout the survey. The free parameter Lmax has been introduced to
avoid unphysically large values for l⊥ at high redshifts where the galaxy
distribution is sampled very sparsely. Since Lmax is measured in physical
coordinates, Lmax(1+z) is the maximal comoving linking length perpendic-
ular to the line of sight. Finally, the free parameter R allows l‖ to be larger
than l⊥ taking into account the elongation of groups along the line of sight
due to the fingers-of-god effect.

3.1.2 Voronoi-Delaunay Method (VDM)

The VDM algorithm was adopted from Gerke et al. (2005) which was itself
based on the method developed by Marinoni et al. (2002). This algorithm
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is more complicated than the FOF and has six free parameters instead of
three. Basically one needs a full Voronoi-Delaunay tesselation1 of the input
galaxy sample and the volumes of each Voronoi-cell. The Voronoi-Delaunay-
tesselation was computed using Qhull2 (Barber et al. 1996) and the volumes
of the Voronoi-cells using the algorithm of (Mirtich 1996).

The VDM algorithm can be divided into 3 phases: In Phase I, the galaxies
are ordered in ascending order of Voronoi-volumes. Then, the first galaxy
in this sorted list is taken as a “seed galaxy” and a cylinder of radius RI

and length 2LI using comoving coordinates is placed around it such that
the axis of the cylinder is directed along the line of sight. If there is no
other galaxy inside this cylinder, the “seed galaxy” is regarded as a field
galaxy and one proceeds to the next galaxy in the list. If, however, there are
other galaxies within the cylinder, Phase II starts. In this phase, a second
cylinder with radius RII and length 2LII is defined and all galaxies inside this
second cylinder directly connected to the seed galaxy or to its immediate
Delaunay-neighbours by means of the Delaunay-mesh are assigned to the
same group. The number of galaxies inside the second cylinder NII is taken
as an estimate of the central richness of the group. In Phase III, a third
cylinder with radius

RIII = r(ÑII)
1/3 (3.5)

LIII = l(ÑII)
1/3f(z) (3.6)

is defined, whereas r and l are two free parameters, ÑII is the central rich-
ness corrected for the redshift dependent mean density n̄(z), and f(z) is a
function introduced to take into account that for a fixed velocity dispersion
the length of the fingers of god in redshift space is a function of redshift.
ÑII and f(z) are given by

ÑII =
n̄(zref)

n̄(z)
NII (3.7)

and (cf. Eq. 1.17)

f(z) =
s(z)

s(zref)
, s(z) =

1 + z√
Ωm(1 + z)3 + ΩΛ

(3.8)

1For a given set of sites in space, the “Voronoi-cell” of a certain site consists of all points
closer to this site than to any other site. Furthermore, two sites whose Voronoi-cells
share a common interface are called “Delaunay-neighbours”. The “Voronoi-Delaunay
tesselation” for a given set of sites is the complete set of all its Voronoi-cells and
Delaunay-neighbours. For more formal definitions and basic properties of Voronoi-
Delaunay tesselations we refer, for instance, to the review of Aurenhammer (1991).

2http://www.qhull.org

http://www.qhull.org


3.2 Basic statistical quantities 39

respectively, where zref is an arbitrary reference redshift chosen to be 0.5.
In this third phase, again all galaxies within the third cylinder are assigned
to the current group. After fixing zref , 6 free parameters RI, LI, RII, LII, r,
and l remain. The reader is referred to table 3.1 for typical parameter-sets
for the two group-finders.

It can be seen that both group-finding algorithms are somewhat arbitrary
and neither is directly inked to the physical basis of a group, namely virial-
ized motion within a common potential well. While it seems that the VDM
algorithm is at least partly motivated by certain scaling relations for groups
(Gerke et al. 2005), this is at the expense of simplicity which is clearly the
mark of the FOF algorithm.

3.2 Basic statistical quantities

In order to assess the performance of a groupfinder, realistic mock cata-
logs containing full information about the underlying DM halos and their
properties are needed. In this section, we introduce some useful statistics to
characterize the overall fidelity of the resulting group catalogs. These statis-
tics were already used in a basic form by Gerke et al. (2005), but I have
generalized them to be functions of the observed richness N of a group and
have extended the set of statistics statistics by introducing certain measures
of “goodness”.

The fidelity of the group catalog can be assessed through comparing the
“reconstructed” groups, obtained by running the groupfinder on the mock
catalogs, to the “real” group catalog described above, i.e. the set of all DM
halos in the mocks that contain, after the 10k selection criteria have been
applied, at least two galaxies. The comparison is therefore of two identical
point sets, the galaxies in the mocks, whose points are grouped together in
possibly different ways. This is schematically illustrated in figure 3.1.

We follow here the definitions and notations of Gerke et al. (2005). The
two big circles constitute two group catalogs. Each point corresponds to
a galaxy of the input galaxy sample and the encircled galaxies belong to
the same group. In the left-hand catalog are the “real groups” as given
by the DM halos in the simulation, while in the right-hand catalog are
the “reconstructed groups” as identified by our groupfinder. Some sort of
measure is needed of how many reconstructed groups can be identified with
real groups and how many real groups are recovered by our groupfinder.
Following Gerke et al. (2005), we define the following terms:
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Figure 3.1 Schematic illustration of comparing a reconstructed group
catalog to a real group catalog as obtained from DM simulation. The
left big circle constitutes the real group catalog and the right big circle
the reconstructed group catalog. Each point displays a galaxy and the
encircled points inside the big circles constitute groups. A group in
the real (reconstructed) catalog may be associated to a group in the
reconstructed (real) catalog (see the text for details). Such an associ-
ation is indicated by an arrow pointing from the real (reconstructed)
group to the reconstructed (real) group. If there is an arrow point-
ing from one group to another and also an arrow pointing backwards,
such an association is termed a “two-way-match” (2WM). Otherwise
it is just a “one-way-match” (1WM). If more than one reconstructed
group points to the same real group this is called “fragmentation”, if
there is more than one real group associated to the same reconstructed
group, this is called “over-merging”.
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Association: A group i is associated to another group j if group j contains
more than the fraction f of the members of group i. For this associ-
ation to be unique, it must hold f ≥ 0.5. Throughout this paper, we
set f = 0.5 as did Gerke et al. (2005).

One-way-match (1WM): If group i is associated to group j, but group j
is not associated to group i (illustrated by an arrow from group i to
group j).

Two-way-match (2WM): If group i is associated to group j and vice versa
(illustrated by a double-arrow).

While each group can only have a single, unique associated group (i.e. an
arrow pointing away), it might well happen that a certain group is the
associated group for many other groups (i.e. many arrows pointing toward
it). We therefore have the following terminology:

Over-merging: If more than one real group is associated to the same re-
constructed group.

Fragmentation: If more than one reconstructed group is associated to the
same real group.

Spurious group: A reconstructed group which has no associated real group.

Undetected group: A real group which has no associated reconstructed
group.

Group galaxy: A galaxy which belongs to a group.

Field galaxy: A galaxy not associated to any group.

With this terminology, the following statistical measures can be defined
that together describe the overall fidelity of the reconstructed group catalog
and thus its potential usefulness for quantitative analysis. Let N real

gr (Nreal)
denote the number of real groups with Nreal members, and N rec

gr (Nrec) the
number of reconstructed groups with Nrec members. Then by

A[N real
gr (Nreal)→ N rec

gr (Nrec)] (3.9)

we denote the number of associations of real groups with Nreal members to
reconstructed groups with Nrec members. In the same way,

A[N rec
gr (Nrec)→ N real

gr (Nreal)] (3.10)
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denotes the number of associations of reconstructed groups with Nrec mem-
bers to real groups with Nreal members. The analogue notations for the
numbers of two-way-associations are

A[N real
gr (Nreal) ↔ N rec

gr (Nrec)] (3.11)

A[N rec
gr (Nrec) ↔ N real

gr (Nreal)]. (3.12)

Note that the last two expressions are equivalent to each other. Then,
with these notations we can formally introduce the “one-way completeness”
c1(N) and the “two-way completeness” c2(N) by

c1(N) =
A[N real

gr (N)→ N rec
gr (≥2)]

N real
gr (N)

(3.13)

c2(N) =
A[N real

gr (N)↔ N rec
gr (≥2)]

N real
gr (N)

. (3.14)

Analogously, we define the “one-way purity” p1(N) and “two-way purity”
p2(N) as

p1(N) =
A[N rec

gr (N)→ N real
gr (≥2)]

N rec
gr (N)

(3.15)

p2(N) =
A[N rec

gr (N)↔ N real
gr (≥2)]

N rec
gr (N)

. (3.16)

The one-way “completeness” c1(N) is a measure of the fraction of real
groups with N members that are successfully recovered in the reconstructed
group catalog, and the one-way “purity” p1(N) is a measure of the fraction
of reconstructed groups with N members that belong to real groups. The
higher c1(N) the smaller the fraction of undetected groups (1− c1(N)), and
the higher p1(N) the smaller the fraction of spurious groups (1 − p1(N)).
On the other hand, the smaller the ratios c2(N)/c1(N) or p2(N)/p1(N) the
more over-merging or fragmentation, respectively, is present. By definition
the four quantities c1(N), c2(N), p1(N), and p2(N) all take only values
between 0 and 1.

While c1(N), p1(N) etc. are statistical quantities on a group-to-group
basis, statistical quantities on a galaxy-to-group basis may be useful as
well. Therefore, following Gerke et al. (2005), we define the “galaxy success
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rate” Sgal(N) and the “interloper fraction” fI(N) as

Sgal(N) =
[Sgal

real(N) ∩ Sgal
rec(≥2)]

[Sgal
real(N)]

(3.17)

fI(N) =
[Sgal

rec(N) ∩ Sgal
field]

[Sgal
rec(N)]

, (3.18)

where Sgal
real(N) is the set of galaxies associated to real groups of N mem-

bers, Sgal
rec(N) the set of galaxies associated to reconstructed groups of N

members, and Sgal
field the set of real field galaxies. The square brackets [.]

here denote the number of elements in a set and the ∩ is the usual intersec-
tion from set theory. Thus galaxy success rate Sgal(N) is just the fraction
of galaxies belonging to real groups of richness N that have ended up in
any reconstructed group, and the interloper fraction fI(N) is the fraction
of galaxies belonging to reconstructed groups of richness N that are field
galaxies (“interlopers”). Like c1(N), p1(N), etc., Sgal(N) and fI(N) will
also take values between 0 and 1. Note for the studies with the 10k sample
I have mainly investigated the cumulative statistics, i.e. the statistics for
groups with N or more members. This case is formally obtained by replac-
ing N by ≥N in the definitions Eqs. (3.13) and (3.17) and I will denote it
by putting ≥N as argument for the statistics.

It is well known (e.g. Frederic 1995; Gerke et al. 2005) that a perfect
reconstructed group catalog is impossible to achieve and furthermore, that
completeness and purity tend to be mutually exclusive. As would be ex-
pected, the higher the completeness, the lower the purity, and vice versa
(see figure 3.2). There is also a similar dichotomy between over-merging
and fragmentation. Therefore, I introduce additional measures of “good-
ness” which combine the statistics such as completeness and purity in a
way that maximizing (or minimizing) them yields a sort of “optimal” group
catalog. We formally define as them by

g1(N) =
√

(1− c1(N))2 + (1− p1(N))2 (3.19)

g2(N) =
c2(N)

c1(N)

p2(N)

p1(N)
(3.20)

g3(N) =
√

(1− Sgal(N))2 + f2
I (N). (3.21)

The meaning of these quantities is as follows: Since a perfect group catalog
features (c1, p1) = (1, 1), i.e. entirely complete and absolutely pure, the
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Figure 3.2 Distribution of parameter-sets in the c1(≥8)-p1(≥8)-plane
for a wide range of group-finding parameters using the 10k mocks.
In the left panel are the parameter-sets for FOF and in the right
panel those for VDM. Each parameter-set is positioned at the average
value for the 24 separate mock catalogs. The parameter-sets are color
coded by the goodness parameter g2(≥ 8) indicating the degree of
over-merging or fragmentation. The dotted line is the largest circle
around the upper right corner being empty of points, i.e. the radius
of this circle is equal to the smallest g1(≥8) value. The best g1(≥8)
parameter-set is marked by a diamond and the error bars exhibit the
scatter among the 24 mocks for this particular parameter-set. The
labeled black points show the sites where the best g1(≥N) sets for
different N reside on this plane, N being denoted by the label of the
points. Although these best sets inhabit, in general, very different
places, they converge for N ≥ 8, at least for FOF. The position of
the best g2(≥8)-set is marked by a triangle and the one of the best
g3(≥8) by a square.
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reconstructed group catalog should come as close as possible to this point
in the c1-p1-plane. So g1 gives the distance to this optimal point in the c1-
p1-plane and thus is a measure of the balance of completeness and purity.
Then, a good group catalog should exhibit c1 ' c2 and p1 ' p2 meaning
that essentially no over-merging and fragmentation is present in the catalog.
Hence, g2 measures the balance between over-merging and fragmentation
and should also approach 1. Finally, g3 is similar to g1 but is on a galaxy-
to-group basis instead of a group-to-group basis. As is clear from their
definitions, these measures of goodness again take only values between 0
and 1. It is clear that g1 and g3 should be minimized, while g2 should be
maximized.

3.3 Optimization strategy

Since there exists no single perfect reconstructed group catalog, one has
to optimize the group-finding parameters, in principle, in a way that the
resulting group catalog serves as well as possible the intended scientific
purpose. However, as we will see, there seems to be a rather natural way to
construct a group catalog which is useful for many different purposes. The
only way to find such optimal parameters of a groupfinder is to run it on
the mocks for different parameter-sets, and to compare the resulting group
catalogs by means of the statistics introduced in the previous section.

The completeness c1(≥8) and purity p1(≥8) of the reconstructed group
catalogs, after running FOF and VDM over a large parameter space, are
shown in figure 3.2. It is obvious that the points do not extend arbitrarily
close to the right upper corner (i.e. the perfect group catalog). The param-
eters c1(≥8) and p1(≥8) are in some sense anti-correlated. In fact, the cloud
of points seem to feature a boundary toward high completeness and purity
beyond which there is a region totally free of points. It is notable, how
similar this boundary is for FOF and VDM approaches — clearly neither is
markedly superior to the other. The same holds for the g2(≥8)-goodness,
color coded in the figure, along this boundary region. These similarities be-
tween FOF and VDM are observed for all richness classes N . This indicates
that this boundary is probably the limit of what can be achieved with a
zCOSMOS-10k-like sample and does not depend on the choice of algorithm.
This also suggests that the choice of a particular groupfinder such as FOF
or VDM is less important than sometimes argued, although, as we will see,
the properties of group catalogs obtained using the two groupfinders are not
absolutely identical.
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VDM, much more than FOF, also exhibits some scatter in the range given
by 0.5 < c1(≥8) < 0.85 and p1(≥8) > 0.65. The existence of such parameter-
sets is a natural side-effect of the relatively large number of free parameters
of the VDM groupfinder resulting in many parameter combinations with
obviously suboptimal properties in terms of c1(≥8) and p1(≥8). The extent
of this scatter, of course, also depends strongly on the explored range of
values in the parameter space. Since we are interested in parameter-sets
yielding simultaneously high completeness and high purity, we will only
focus on the boundary mentioned above.

The challenge is to find the best group catalogs among those plotted in
figure 3.2, making the best compromise between c1 and p1. A natural choice
is the point that lies closest to (c1, p1) = (1, 1) indicated by the diamond.
According to equation (3.19), this is the point where g1 is minimal. We will
refer to this parameter-set as the “best g1-set”. It defines a circle around
the upper right corner (dotted line) that is entirely empty of points.

In addition to minimizing g1, one would prefer, of course, to simultane-
ously maximize g2 and minimize g3. In general, the best parameter-sets for
these three goodnesses will not coincide. Rather it turns out that the best
g2-set lies usually at slightly higher completeness relative to the best g1-set
(see triangles in figure 3.2), while the best g3-set lies usually at slightly lower
completeness (see squares in figure 3.2). However, as is clear from figure
3.2, the gradient of g2 is rather shallow around the best g1-set and nearly
maximal, so that the precise site of the optimal g2-set is not that important.
The same holds for the gradient of g3. Finally, it seems that the best g1-set
is a good choice.

3.3.1 Multi-run procedure

Since c1(≥N), c2(≥N), etc. are functions of richness N , one might wonder
how the best g1(≥N)-sets for different N are distributed in the c1(≥8)-
p1(≥8)-plane. This is shown in figure 3.2 by the labeled points where the
labels denote the corresponding N . For FOF, the best g1(≥8)-set is optimal
for all N ≥ 8 as well, while for N < 8 the optimal g1(≥N)-sets reside at
lower completeness. For VDM this is less obvious, but at least for N ≥ 10
the best g1(≥N)-sets seem to converge. In any case, it is clear that it
is not possible to simultaneously optimize g1(N) for all N with a single
parameter-set. If the parameter-set is optimized for groups with N ≥ 8,
the resulting group catalog is very complete for groups with N < 8 but the
purity starts to decrease severely for N < 5, and a lot of spurious small
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groups enter the catalog (see figures 3.3 and 3.4). Since around ' 80% of
the groups have N < 5, this is unsatisfactory. This suggests that the
groupfinder should be run several times with different parameter-sets, each
time optimized for a different richness range. This is analogous to the “hot-
cold” double pass approach often used with image detection algorithms such
as SExtractor. I will refer to this approach as the “multi-run procedure”,
and it was implemented it as follows:

1. The parameter-set is optimized for the range N ≥ 6, the groupfinder
is run, and only those groups that are in this richness range are kept
in the group catalog.

2. The parameter-set is then optimized for groups with N = 5, the
groupfinder is run again, and only groups with N = 5 that are not yet
detected in the first step are added to the group catalog.

3. Repeat the previous step for N = 4.

4. Repeat the previous step for N = 3.

5. Repeat the previous step for N = 2.

In each step, only those groups are accepted which have not been found
in an earlier step. It is better to work down in richness because the richer
groups are more easily detected. The optimal parameter set in each step
is basically just the best g1-set for the corresponding richness range. How-
ever, particularly in the first step, also other choices are possible. In fact, for
VDM, I have chosen a special set for the first step since the best g1(≥6)-set
proved to be by no means optimal for N & 8. Table 3.1 gives the optimal
parameter-sets for FOF and VDM. Since there are some degeneracies be-
tween the parameters, there are no simple trends from step 1 to step 5 for
the single parameters.

Figure 3.3 shows how the multi-run-procedure compares to the single
run best g1(≥ 8)-set. In the case of FOF, the completeness has slightly
decreased for N . 5 compared to the single run, but the high completeness
of the single run in this richness range comes at the cost of a low purity. In
fact, for the multi-run, the purity has increased for N . 5, and has become
almost constant for all richness classes. Thus, the overall behaviour of the
completeness and purity is now more balanced.

For VDM, we observe a similar trend. Here, it is particularly evident that
in a single run, even if optimized for N ≥ 8, the completeness decreases for
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Figure 3.3 Comparison of the completeness and purity obtained from
a single run and from the multi-run-procedure for the 10k mocks. The
left two panels show the statistics for FOF and the right two panels for
VDM. In each panel, the blue color corresponds to the single run and
the red color to the multi-run-procedure. In the upper two panels, the
solid lines display the one-way completeness c1, and in the lower two
panels they show the one-way purity p2. In each panel, the dotted
lines display the corresponding two-way-quantities being c2 or p2. It is
shown that the purity obtained from the multi-run-procedure is more
balanced than that from the single run. For FOF this leads also to a
more balanced completeness.
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Figure 3.4 Relative abundance of reconstructed groups as compared
with the real groups as a function of richness N for the 10k mocks.
The green line shows the mean relative abundance of single-run FOF
groups, the blue line the mean relative abundance of multi-run FOF
groups, and the red line the mean relative abundance of one-way-
matched groups. The error bars always exhibit the scatter among the
24 mocks. The gray shaded region displays the spread of the relative
abundance of real groups among the 24 mocks (i.e. cosmic variance
plus shot-noise). For N . 6 the number of multi-run FOF groups is
slightly too high and exceeds the margin of cosmic variance while the
abundance of the one-way-matched groups is well within the region
dominated by cosmic variance. For comparison the relative abundance
of multi-run-VDM groups is shown as well (black dotted line).
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N & 6. The multi-run-procedure can correct for this and still increase the
purity for small groups.

While the overall statistics of the two multi-run-catalogs are similar, there
are some minor differences: The overall behaviour of the completeness and
purity as a function of N seems to be more balanced for FOF. Also the
ratios c2/c1 and p2/p1 are more balanced for FOF, while for VDM, c2/c1

increases and p2/p1 decreases toward higher N . On the other hand, the
total number of groups found with FOF is too high for N . 3, while for
VDM, the number of reconstructed groups is too high for N & 5 (figure 3.4).
All things considered, the multi-run-procedure works better with FOF than
with VDM.

3.3.2 Combining FOF and VDM

With the FOF and VDM multi-run group catalogs, there are now two cata-
logs available, obtained by different algorithms, and exhibiting similar purity
and completeness. A comparison of the two catalogs on a group-to-group
basis is shown in figure 3.5. The red lines show the result for the real 10k
sample. An FOF group with N ≥ 2 has a probability of being associated
with a VDM group of ∼ 80%, increasing roughly linear with N until it
reaches 100% for N ≥ 10. On the other hand, the probability of any VDM
group being associated with a FOF group is greater than ∼80%, and even
higher than ∼90% for N ≥ 8. The reason that for N . 4 the VDM groups
have a higher probability of being associated with the FOF groups than vice
versa is due to the excess production of small groups in the FOF catalog.
Furthermore, note that whenever a group with N ≥ 6 has an associated
group this association is a two-way-association. Thus, the two catalogs,
though not identical, contain mainly the same structures. Moreover, the
real data agree very well with the mocks (black solid lines), if groups with
N > 20 in the mocks are omitted (in the mocks there are too many of them,
see section 4.5.1). This shows that the groupfinders work indeed comparably
on the real data as they do on the mocks.

GAP and GRP

Is there a way to combine the information in the two catalogs in order to
obtain a single optimal group catalog? It seems natural to consider those
group galaxies that were recovered by both groupfinders, so I introduce
a “galaxy purity parameter” (GAP) for each galaxy. The GAP is a flag
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Figure 3.5 Comparison between the multi-run FOF and the multi-
run VDM catalogs for the 10k sample. The upper panel shows the
fraction of FOF groups associated to VDM-groups. The red corre-
sponds to the real data 10k group catalog, whereas the solid line
designates one-way-matches, and the dotted line two-way-matches.
The black solid line corresponds to the mean fraction of associations
in the mocks, if groups with N > 20 are omitted, and the error bars
exhibit the scatter among the 24 mocks. The black dotted line shows
the same, if all groups are taken into account. In the lower panel,
the symbols have identical meaning but exhibit the fraction of VDM
groups associated to FOF groups.
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indicating if a certain group galaxy is contained simultaneously in both
catalogs. For a certain FOF group galaxy it is defined as follows:

• If there is no VDM group containing this galaxy, it gets a GAP equal
to 0.

• If it is also contained in a VDM group, and the FOF group has a 1WM
to this VDM group or this VDM group exhibits a 1WM to the FOF
group, the galaxy gets a GAP equal to 1.

• If it is contained in a VDM group, and the FOF group has a 2WM to
this VDM group, the galaxy gets a GAP of 2.

Thus, we expect that the higher the GAP for a galaxy, the more reliable
the detection, and the higher the probability that this galaxy is a real group
galaxy and not an artefact introduced by one of the groupfinders. The GAP
is a useful flag for excluding uncertain group members if needed, and defines
more clearly the reliable core of a group.

It is convenient to introduce the following slightly different notation for
the GAP which will be mainly used for the 20k sample in section 3.5. I
define the GAP1 to be 1 if GAP ≥ 1 and 0 otherwise. Similarly GAP2

is defined to be 1 if GAP= 2 and 0 otherwise. Following this notation,
I introduce the group purity parameter (GRP1) for each group to be the
fraction of galaxies with a GAPi = 1 for i ∈ {1, 2}.

Sub-catalogs

The concepts of the GAP and GRP allow to define sub-catalogs from the
basic FOF catalogs. But first note that I have defined the GAP based
on the FOF groups. They could, of course, also be defined based on the
VDM groups. However, to obtain a single optimal group catalog, we have to
choose between FOF and VDM. As discussed in the last section, though the
multi-run catalogs obtained by these groupfinders exhibit similar statistics,
some (minor) properties are overall better for FOF. So we have decided the
FOF catalog to be the basic catalog. The VDM catalog, by contrast, is
therefore only used to determine the GAPs of FOF group members.

Then we define the 1WM sub-catalog to contain all galaxies with a
GAP1 = 1 (or equivalently GAP ≥ 1). Similarly, the 2WM sub-catalog
contains all galaxies with a GAP2 = 1 (or equivalently GAP = 2). That is
the iWM catalog, i = {1, 2}, is obtained from the basic FOF catalog just



54 3 Identifying groups in spectroscopic redshift surveys

by setting group galaxies with GAPi = 0 to field galaxies3. Since these two
sub-catalogs preserve the group structure of the basic FOF catalog, this
set of three group catalogs can be presented as one single big catalog. We
expect the 1WM sub-catalog to be purer than the FOF catalog, and the
2WM catalog to be purer than the 1WM catalog.

A drawback of the definition of the 1WM and 2WM catalogs is that every
group within these catalogs are sub-groups of the FOF catalog. This poses
the problem that every group property can, in principle, be calculated using
either the full FOF group or the 1WM or 2WM sub-groups. To avoid this
confusion, we can use the GRP to produce a genuine sub-sample of FOF
groups selecting groups of high quality. So we define the GRPi sub-catalog,
i = {1, 2}, to contain all groups with a GRPi > 0.

Depending on the science goal it might be meaningful to use either the
full FOF catalog or one of its sub-catalogs. The 1WM and 2WM cata-
logs are particularly suited if one is interested in the purity of the group
galaxy population, while the GRP1 and GRP2 groups might be preferred
if one studies groups as a whole and needs a particular pure group sample.
Note that whenever I refer to a group property (except of observed richness
N) of a 1WM or 2WM group, I take this property from the correspond-
ing FOF group. So if groups are regarded as a whole, the only difference
between the 1WM/2WM and GRP1/GRP2 groups is the observed richness
N . This makes it possible to produce the GRP1/GRP2 catalogs out of the
1WM/2WM catalogs, but not vice versa (except one knows the GAP of the
every member).

3.4 Results on the 10k mocks

In this section, I will summarize our findings so far and give a detailed
statistical description of the 10k FOF mock catalog with its two sub-catalogs
(1WM and 2WM).

The statistics of the merged catalogs in comparison with the reference
FOF catalogs is shown in figure 3.6 and for N ≥ 5 in table 3.2. The lines
exhibit the mean among the 24 mocks and the error bars their scatter. The
FOF basis catalog has a completeness c1 ' 0.85 almost not depending on
the richness N and a purity p1 ' 0.78 only weakly depending on N . Only for
N = 2 there is a significant decrease in both completeness and purity. The

3Note since 1WM and 2WM associations can not exist with one common galaxies, every
remaining group has at least 2 members.
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Figure 3.6 Statistics of the 10k mock FOF catalog and its two sub-
catalogs, 1WM and 2WM, as function of richness N . For all panels,
blue refers to the FOF groups, red to the one-way-matched groups and
green to the two-way-matched groups. The error bars show the scatter
among the 24 mocks. The upper left panel exhibits completeness and
the upper right panel purity. The solid lines correspond to c1 and
p1 respectively and the dashed line c2 and p2 respectively. The lower
right panel shows the galaxy success rate Sgal and the lower left panel
the interloper fraction fI.
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Table 3.2. Catalogue statistics for N ≥ 5

catalog c1
a p1

b c2/c1 p2/p1 Sgal
c fI

d

FOF 0.85 0.78 0.92 0.92 0.87 0.19
1WM 0.81 0.82 0.93 0.92 0.81 0.17
2WM 0.77 0.83 0.95 0.92 0.72 0.17

aOne-way completeness

bOne-way purity

cGalaxy success rate

dInterloper fraction

Note. — The precise definitions of the statistical
quantities are given in section 3.2.

corresponding statistics for the 1WM and 2WM sub-catalogs have almost
identical dependences on N but, as expected, their c1 is lower and p1 higher.

It can be seen that the gain of the 2WM catalog compared to 1WM in
terms of both purity or interloper fraction is much smaller than the deficit
in terms of completeness and galaxy success rate. This indicates that by
keeping only group galaxies with a GAP = 2, many real group galaxies are
removed, but only a relatively small number of interlopers are eliminated.
By contrast, the gain in purity of the 1WM with respect to the reference
FOF is quite comparable to the associated decrease in completeness. Thus,
while the 1WM catalog is a useful construction, little is gained by the more
restrictive 2WM catalog. In the remainder of this paper, we will mainly
refer to the FOF and its 1WM sub-catalog. We note that not only do the
ratios c2/c1 and p2/p1 behave well as a function of N for the three catalogs,
but also c2/c1 ' p2/p1. This means that the contributions of over-merging
and fragmentation are not only small, but are also well-balanced.

So far, we have considered the statistics averaged over the whole redshift
range, i.e. 0.1 . z . 1. In figure 3.7, the completeness (blue line) and
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the purity (red line) of the FOF catalog are shown as functions of redshift
for several richness classes N . The curves are consistent with a relatively
constant completeness and purity with redshift. Only the highest redshift
bins for N . 4 show possibly a slight decrease. This emphasizes further
the robustness of our catalog. Figure 3.8 shows how the galaxy success rate
Sgal and the interloper fraction fI behave as a function of the normalized
projected distance from the group centers.

The distance variable r is defined for each group galaxy as

r =

√(
θra

∆θra

)2

+

(
θdec

∆θdec

)2

, (3.22)

where θra is its separation from the group center in α, and ∆θra the second
moment in α among all members of this group. Similar definitions hold
for θdec and ∆θdec. Only groups with 3 or more members are taken into
account, since for groups with only 2 members r becomes meaningless.

The left lower panel shows the galaxy success rate Sgal as a function of
r from the real group centers. As one would expect, it increases toward
the group centers. Fortunately, the group centers are also the region where
most of the real group galaxies reside (left upper panel). Note that Sgal

can decrease, in principal, in two ways: First of all, by failing to identify
certain real group galaxies in successfully detected real groups, and second,
by failing to detect a real group at all. The small deficit in Sgal for r . 1
is due to the second reason, while the first reason becomes more important
with increasing r.

In the right lower panel, the interloper fraction fI is plotted as a function
of r, where r is now related to the centers of the reconstructed groups. As
expected, the interloper fraction shows the opposite behaviour as a function
of r. However, the difference in fI between near and far galaxies from the
group centers is less strong than for Sgal. For small r, the most important
contribution to fI comes from spuriously detected groups with 3 members.

Finally, figure 3.4 shows the numbers of reconstructed groups relative to
the number of real groups. As was already mentioned, the mean difference
between the number of reconstructed FOF groups and the number of real
groups exceeds the uncertainty expected by cosmic variance from mock to
mock for N . 5, while the groups of the 1WM sub-catalog are well within
this region.

According to the statistics discussed in this paragraph, particularly in
figure 3.2, it became clear that the FOF group catalog along with its 1WM
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Figure 3.7 Completeness and purity of the 10k mock FOF groups
as a function of redshift for eight different richness classes. In each
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3.4 Results on the 10k mocks 59

200

400

#
 g

ro
u

p
 g

a
la

x
ie

s

real

1 2 3
0

0.2

0.4

0.6

0.8

1

r

galaxy success rate

FOF

1WM

FOF

1WM

1 2 3
r

interloper fraction

FOF

1WM

Figure 3.8 Behaviour of the galaxy success rate Sgal and the inter-
loper fraction fI as a function of the normalized projected distance r
from the 10k mock group centers, where r is defined in Equation 3.22.
The left lower panel shows the galaxy success rate Sgal, where the blue
line corresponds to the FOF and the red line to the 1WM catalog.
The left upper panel shows the distribution of real group galaxies as
a function of separation from the cluster centers. It is clear that at
r . 1.5, where most real group galaxies reside, Sgal is & 0.9 for FOF
groups and only slightly lower for 1WM groups. The right lower panel
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tion of galaxies in reconstructed groups as a function of r, whereas
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sub-catalog has the potential to be useful for many different applications
such as galaxy evolution studies, group statistics, or gravitational lensing.
For example, if one aims to study the evolution of galaxies in groups, a high
purity and a low interloper fraction are desirable, so the 1WM catalog is
probably appropriate. On the other hand, in order to have a relative pure
sample of field galaxies, galaxies not contained in the basic FOF catalog
should be selected. Generally, it holds that whenever small groups, number
of groups, or purity of the group sample is important, the 1WM catalog is
to be preferred to the FOF catalog.

Comparison with DEEP2

For DEEP2, Gerke et al. (2005) optimized their VDM groupfinder in order
to obtain the correct number of reconstructed groupsN rec

gr (σ, z) as a function
of velocity dispersion σ and redshift. As result, they present two group
catalogs: an “optimal” catalog and one with maximized purity. Since Gerke
et al. (2005) did not treat completeness and purity as a function of richness
N , all their statistics correspond to N ≥ 2.

The statistics for their optimal parameter set are c1 = 0.782 ± 0.006,
p1 = 0.545 ± 0.005, Sgal = 0.786, and fI = 0.458 ± 0.004. The ratios
between the two-way and the one-way-quantities are therefore c2/c1 = 0.919
and p2/p1 = 0.987. So in comparison with our own FOF N ≥ 2 statistics,
their completeness c1 and galaxy success rate Sgal are ∼ 3% and ∼ 6%
lower, respectively, while their purity p1 is ∼17% lower, and their interloper
fraction fI is ∼56% higher.

We conclude that, compared with the DEEP2 “optimal” group catalog,
the performance of our FOF group catalog is very high. Moreover, it would
be very interesting to compare the statistics for the higher richness classes
as well. Since Gerke et al. (2005) optimized their catalog using all groups
with N ≥ 2 their catalog should be optimal regarding the N ≥ 2 statistics.
But, in contrast to a multi-run catalog, this might not be the case for the
higher richness statistics, since the N ≥ 2 statistics are actually dominated
by 2-member groups being by far the most abundant. This suggests that
the relative superiority of our FOF catalog over the DEEP2 catalog could
be even higher for the higher richness classes.
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3.5 Improvements for the 20k sample

The methods and results so far refer all to the 10k sample. With the coming
of the 20k sample, tried to modify the methods developed in the previous
sections in order to fully meet the requirements of this new sample. A
novelty of the 20k group catalog is the existence of a larger number of
groups with N > 12, so that I had to make sure that the statistics are
stable for these richness classes. Since the basic concept remain mostly the
same, we will mainly concentrate on the differences to the previous section.

Regarding the FOF part, a first attempt was to generalize the basic FOF
algorithm by varying the linking length as function of position and redshift.
The motivation for varying the linking length as a function of position came
from the observation that the 20k sample though much more complete than
the 10k sample still exhibits some regular stripes (see figure 2.3). Since
this causes the intergalactic separation to vary roughly sinusiodally, a cor-
responding variation in the linking lengths could account for this inhomo-
geneity. The motivation to vary with redshift came from the observation
that the optimal parameters of the multi-run FOF algorithm were such that
lmax starts do dominate at relatively low z and so l⊥ just increases linearly
with z according to Eq. (3.3). So I exchanged this equation by the more
general ansatz

l⊥ = A+Bz + Cz2 , (3.23)

where A, B, and C are the new free parameters. However, it turned out
that neither the variation with angular position nor the more general ansatz
on redshift did substantially improve group catalogs. So we just kept the
simple 3-parameter FOF algorithm as described in section 3.1.1.

I found, however, that the group statistics can be further improved by
a more sophisticated choice of the group-finding parameters and richness
ranges for the multi-run schemes. For the 10k group catalog the multi-run
procedure consisted of 5 single runs — first optimized for groups with N ≥ 6
and then successively for smaller groups — each of them were optimized by
minimizing g1 for the corresponding group-sizes. However, since g1 is solely
based on c1 and p1 and thus does not account for “fragmentation” and “over-
merging”, the final multi-run catalog might contain unnecessarily many of
such “pathological groups” though globally exhibiting great statistics. A
reconstructed group that is fragmented or over-merged will fail to tell us
anything about the true nature of the group such as its mass, richness
or radius. It will only tell us if a certain galaxy is a field galaxy or not.
Therefore the number of such groups should be kept as low as possible. This
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is why, I modified the figure of merit g1 (see Eq. (3.19)) which contained
only the one-way statistics c1 and p1 to

g̃1 =
√

(1− c2)2 + (1− p2)2 (3.24)

containing the two-way statistics c2 and p2. Optimizing the single runs in
respect to g̃1 instead of g1 will, of course, yield slightly worse g1 values for
the single runs. This, however, does not have to be true for g1 statistic of
resulting the multi-run catalog. The combination of several single runs with
inferior g1 statistics can lead to a multi-run catalog with slightly superior
g1 for small N than the multi-run catalog of the single g1-optimized single
runs. This seeming contradiction is resolved by noting that in a multi-run
scheme the several single runs interfere in a complicated nontrivial way. For
instance, if the first run being optimized for big groups aims to produce a
very complete catalog, it will lead to some over-merging of some parts of
small groups which cannot be detected anymore in later runs and so the
first run can already spoil the g1 statistics of the small groups.

How then can the parameters of the single runs be optimized in order to
produce an optimal multi-run catalog? This is probably the most difficult
part in the overall group-finding procedure and, unfortunately, there is no
general prescription in order to produce “the” optimal multi-run catalog. In
principle one would have to analyze the statistics of the multi-run catalog for
all possible parameter combinations of the single runs. This would not only
be computationally very expensive, but would also require a distinct single
figure of merit for characterizing a whole catalog.4 Thus a manageable way
of producing an optimized multi-run catalog is to first produce a couple of
optimized single runs and then try different combinations always keeping
an eye on g̃1(N) and Ngr(N). As a guideline I required the parameters of
the single runs which are to be combined to the multi-run to not exhibit
any larger discontinuities as a function of richness. That is the parameters
of the multi-run should be slowly varying as we move down to smaller and
smaller groups.

While this approach works pretty good for FOF, it is less convenient for
the VDM parameters because their effect on the final catalog statistics is
much harder to anticipate intuitively and it is even harder to anticipate

4It is unlikely that such a single optimal figure of merit exists. Then even the best
catalog in respect to g̃1 over the whole range of group sizes is not necessarily also the
best catalog in respect to Ngr. Moreover, almost equally good catalogs in respect to
g̃1 can exhibit substantial differences in Ngr.
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Table 3.3. Multi-run parameter-sets for FOF

step Nmin Nmax b lmax R
(Mpc)a

1 11 500 0.1 0.375 18.5
2 7 10 0.095 0.38 14.5
3 6 6 0.09 0.35 16
4 5 5 0.085 0.375 13.5
5 4 4 0.075 0.3 19.5
6 3 3 0.09 0.275 18.5
7 2 2 0.06 0.225 16.5

aphysical coordinates

the effect of different combinations of single runs. The final parameter-
sets for the FOF and VDM 20k multi-run catalogs are given in table 3.3
and 3.4 respectively. Note that the justification of these parameter-sets is
given solely by the extremely good statistics of the produced catalogs (see
figures 3.9 and 4.7) and not by the way they have been found which was
a rather complicated manual iterative procedure. Moreover, we have also
checked that the application of these group-finding parameters on the real
data yield consistent results in the sense of figure 3.5. In the next section I
will summarize the statistical properties of the final group catalog.

3.5.1 Catalog statistics for the 20k mocks

The global properties of the 20k mock group catalog are summarized in
table 3.5 and in the figures 3.9 to 3.11. If the pairs are excluded, the
catalog exhibits a completeness c1 & 82% and a purity p1 & 82% for any
richness. The statistics of the basic FOF catalog and its 1WM sub-catalog
are very similar that we omit the latter in the following.

In figure 3.9 the cumulative statistics of the 20k FOF mock catalog are
shown (red line) and compared those of the 10k mock catalog (black line)
and the 20k catalog restricted to its GRP2 sub-catalog (green line), i.e. all
groups with a GRP2 > 0 (see section 3.3.2) . From the g1-panel it is clear
that compared to the 10k catalog the 20k catalog constitutes an improve-
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Table 3.4. Multi-run parameter-sets for VDM

step Nmin Nmax RI LI RII LII r l
(Mpc) (Mpc) (Mpc) (Mpc) (Mpc) (Mpc)

1 9 500 0.7 12 0.7 10 0.7 10
2 5 8 0.7 12 0.4 8 0.5 8
3 2 4 0.4 8 0.4 8 0.5 7

Note. — All units of lengths are comoving

Table 3.5. Statistics of the group catalog for different observed richness
ranges N

N = 2 3 ≤ N ≤ 4 5 ≤ N ≤ 9 N ≥ 10

c1 0.69± 0.02 0.84± 0.03 0.83± 0.04 0.84± 0.06
c2 0.62± 0.02 0.76± 0.03 0.77± 0.04 0.80± 0.08
p1 0.69± 0.02 0.82± 0.02 0.83± 0.04 0.84± 0.06
p2 0.63± 0.02 0.74± 0.03 0.75± 0.04 0.78± 0.06
Sgal 0.70± 0.02 0.80± 0.02 0.84± 0.02 0.87± 0.02
fI 0.30± 0.02 0.22± 0.02 0.17± 0.02 0.15± 0.02

Note. — The error bars are the standard deviations of the 24 mocks
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Figure 3.9 Cumulative statistics of the 20k catalogs as a function of
observed richness N . The 20k FOF group catalog is shown by the red
lines, the 20k GRP2 group catalog by the green lines, and the FOF
10k group catalog by the black lines. Upper left panel : The solid lines
correspond to g1 and the dashed lines to g̃1. Upper right panel: in-
terloper fraction fI. Middle panels: The solid lines correspond to c1

(left) and p1 (right) and the dashed lines to c2 and p2, respectively.
Lower left panel: Galaxy success rate Sgal. Lower right panel: Good-
ness g2. In all panels, the error bars exhibit the standard deviation
among the 24 mocks.
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ment of about 5-10% which is significant in terms of the statistical error of
the mean of the 24 mocks. This superiority is less obvious from a glance
at the completeness and the purity (middle panels). For N & 10 the com-
pleteness of the catalogs, both c1 and c2, are similar while the purity of the
20k catalog is slightly higher (except for the black peak at N = 20) and the
overal line is much more uniform over a broad range for N . For N . 10
the completeness of the 10k catalog is higher, but this deficiency is more
than balanced by the improved purity of the 20k catalog. The trends of the
galaxy success rate Sgal and the interloper fraction fI are similar between
the two catalogs. The 20k catalog has significantly less interlopers for all
N .

In total the 20k catalog is generally purer than the 10k catalog. In fact,
it is so pure that there is almost no difference between the FOF and the
corresponding 1WM catalog. This is the reason we have omitted the 1WM
catalog and discuss only the GRP2 catalog. The GRP2-catalog is even
purer than the FOF catalog, however at a high expense of completeness.
While the g1 goodness of the GRP2 catalog is worse than that of the FOF
catalog, the g2 goodness is better for groups N ' 10. Thus selecting only
the GRP2-groups slightly diminishes the contamination from over-merging
and fragmentation.

The superiority of the 20k catalog over the 10k catalog can, however,
only be partially assessed by figure 3.9. One of its major successes is that
it contains the expected number of reconstructed groups as a function of
N . Figure 3.10 shows the relative abundance of reconstructed groups Nrec

compared to real groups Nreal. It is clearly seen that the mean number of
reconstructed groups follow extremely well the number of real groups for all
N . Even the scatter among the 24 mocks is well within the sample variance
of the 24 real mocks. (Remember that in the case of the 10k sample it was
the 1WM sub-catalog that hat this property, while the basic FOF multi-run
catalog contained too many groups for small N , see figure 3.4.)

3.5.2 Group robustness

One of the main prerequisites for estimating properties of reconstructed
groups is the fact that the group is reliably reconstructed. If the group is
over-merged or fragmented, the estimated properties such as mass or radius
will be severely affected and might have little or nothing to do with those of
the real group. For reconstructed groups not exhibiting a 2WM to their real
groups, we can not even perform a unique one-to-one comparison between
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N .
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the properties of real groups and those of the reconstructed groups. This
again emphasizes the importance of a group catalog to be not only optimal
in respect to the 1-way statistics c1 and p1, but also regarding the 2-way
statistics c2 and p2. Figure 3.11 shows the portions of the different possible
associations between reconstructed and real groups for the 20k FOF catalog.
The percentage of reconstructed groups exhibiting a 2WM to real groups
is & 75%. Of the remaining ∼ 25%, the fraction of over-merged groups is
higher than of fragmented groups. Also note that for groups with N & 5
there are almost no spurious groups. That is whatherver group we found
constitutes a real structure in the universe, but in 20-30% it is too small or
too big compared to the real group.

Since the FOF groups depend solely on the two quantities lper and lpar,
a natural question is whether a certain group is sensitive to the particular
values of these linking lengths. Or could we have also chosen slightly dif-
ferent values without significantly changing it? To answer this question I
introduced the “group robustness” frob(f) for each group by running the
groupfinder with the linking-lengths f · lper and f · lpar, parametrized by the
scale factor f , and computing for each group the fraction

frob(f) =

{
N(f)/N , if f ≥ 1
N/N(f) , if f < 1 ,

(3.25)

where N(f) is the new richness of that group. I have invoked the two
conditions to assure that frob(f) takes only values between 0 and 1 and
that the robustness increase for higher frob(f). For f < 1 it probes the
robustness in respect to fragmentation and for f > 1 in respect to over-
merging.

Figure 3.12 shows the results for f = 0.5 and f = 1.5 for 20k FOF mock
groups in the richness classes 5 ≤ N ≤ 9 (red lines) and N ≥ 10 (black
line). These results are not sensitively to this choice of f . The upper panels
show the p2 statistics for the corresponding frob(f) selected subsamples.
It is obvious that the purity increases strongly for increasing frob(f) for
both f , where this effect is stronger for groups being robust in respect to
fragmentation (i.e. f = 0.5). However, the lower panels make clear that
raising the purity is at the expense of losing many groups.

3.6 Conclusion

In a first step, I have systematically investigated the performance of the
standard FOF and VDM group-finding algorithms by applying them on
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realistic 10k mock galaxy samples. It seems that none of this basic algorithm
is significantly superior over the other. Nevertheless the FOF algorithm is
simpler and produces group catalogs with smoother statistics as a function
of observed richness N . In a second step, I have generalized the basic
FOF and VDM algorithms to a multi-run scheme. That is I progressively
optimized the group-finding parameters for smaller and smaller groups as
the catalog is generated from the richest groups down to the poorest. This
improves the fidelity of the resulting catalogs, in terms of completeness and
purity, over a broad range of richnesses N so that the final catalog, both
in terms of the groups and of individual members, compares favorably with
recent results in the literature. Combining the resulting FOF and VDM
multi-run catalogs also allowed the definitions of several useful sub-catalogs
with further improved purity.

The resulting FOF 10k mock group catalogs have a completeness c1 '
0.85 and purity p1 ' 0.78 for N ≥ 5. These statistics are only very weakly
depending on redshift. As would be expected, the galaxy success rate and
interloper fraction statistics depend on the distance from the group centers,
where the statistics improve toward the centers. Furthermore, I find, while
the 10k FOF catalog slightly overproduces the number of groups with N .
5, that the 10k 1WM sub-catalog reproduces almost perfectly the number
of real groups down to N = 2.

With the coming of the 20k sample, I tried to further improve group-
finding methods and to assure the high quality statistics to higher richness.
These efforts resulted in a 20k mock catalogs which, if pairs are excluded,
exhibit a completeness c1 ' 84% and a purity p1 & 82% for any rich-
ness. About 75% of all reconstructed groups exhibit a 2WM to real groups.
That is for these groups we can hope to reliably estimated group proper-
ties. Moreover, the number of reconstructed FOF groups traces very well
the number of real groups at any richness. This makes the 20k catalog
statistically superior over the 10k catalog.
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Chapter 4
The zCOSMOS spectroscopic group
catalogs and their properties

Parts of this chapter are published in Knobel et al. (2009).

In this chapter, the 10k and 20k zCOSMOS group catalogs are presented
as obtained by the method described in the previous chapter. I will discuss
the properties of the zCOSMOS group catalogs, the estimation of group
properties, and the comparison to the mocks. The 10k group catalog is
already published by means of Tabs. 3 and 4 of Knobel et al. (2009).

Some basic properties of the 10k and 20k group catalogs are summarized
in table 4.1 and figure 4.1 shows the mean GRP for both catalogs as a
function of observed richness N . For N ≥ 2, the 20k catalog contains with
1496 groups almost twice as many groups as the 10k catalog (i.e. Ngr = 800),
but about 4 times as many groups with N ≤ 10. So the 20k catalog is much
larger than the 10k catalog particularly for large groups.

The 10k catalog has been already used for several studies. For instance,
Kovač et al. (2010b) investigated the role of groups for the galaxy density
field. Iovino et al. (2010) and Kovač et al. (2010a) investigated the galaxy
evolution in groups in respect to color and morphology, respectively (see
Ch. 6). The frequency of AGNs in groups was studied by Silverman et al.
(2009) and the group catalog was used for lensing analysis within COSMOS
(Anguita et al. 2009; Faure et al. 2010).
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Table 4.1. Basic statistics for the zCOSMOS 10k and 20k group catalogs

10k 20k

Ngr
a NGRP1

b 〈GRP1〉 Ngr
a NGRP2

b 〈GRP2〉

N = 2 514 0.79 0.79 939 0.89 0.89
2 ≤ N ≤ 4 184 0.81 0.77 369 0.90 0.88
5 ≤ N ≤ 9 91 0.95 0.87 148 0.87 0.81
N ≥ 10 11 1.0 0.93 40 0.9 0.78

aNumber of groups

bNumber of groups in the corresponding GRPi, i ∈ {1, 2}, sub-catalog

4.1 Corrected richness Ncorr

The distribution of 20k FOF groups as a function of redshift for three rich-
ness classes N is shown in figure 4.2. Comparing the solid histograms
(groups) with the dashed ones (all galaxies) it is clear that the number
of groups at a given redshift roughly scales with the number of galaxies at
the same redshift. This is basically true for all richness classes although
for the richest N ≥ 10 there is a lack of groups at redshifts z & 0.5. In
the ΛCDM structure formation paradigm we expect the mass function of
groups to grow with time (cf. Sect. 1.4.2). This growth should be reflected
in the decrease of the number of groups of a given richness with redshift.

In order to address such questions, it is necessary to correct the ob-
served richness of a group to produce an intrinsic richness that is redshift-
independent (cf. Sect. 2.4). We therefore introduce the corrected richness
Ncorr, correcting the observed richness N for spatial sampling rate and red-
shift success rate, and considering for each group only the number of mem-
bers brighter than a given absolute magnitude limit Mb,lim(z), i.e for each
group

Ncorr(Mb,lim(z)) =
∑
i

1

Cαδ,i

1

CRSR,i
, (4.1)

where the sum is over the members of the group with Mb ≤Mb,lim(z), and
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Figure 4.2 Number of 20k groups Ngr (solid line) as a function of
redshift for different richness classes N . The top panel shows the
number of groups Ngr for groups with N ≥ 2, the middle panel for
N ≥ 5, and the bottom panel for N ≥ 10. The dotted line shows
the number of galaxies Ngal for the galaxy sample scaled down for
comparison with the groups. It is obvious that the distribution of
groups follows the distribution of galaxies.
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Cαδ,i and CRSR,i are the sampling rate and the redshift success rate, respec-
tively, for the galaxy i. The redshift dependence of the absolute magnitude
limit is always taken to be Mb,lim(z) = Mb,lim−z, whereas the subtraction of
the redshift is to account approximately for the luminosity evolution of the
galaxies. So Ncorr can simply be characterized by Mb,lim being the absolute
magnitude limit at redshift zero. Absolute magnitudes were obtained by
means of standard multicolor SED fitting using an updated version of the
ZEBRA code (Feldmann et al. 2006).

If we denote the actual number of group members brighter than Mb,lim(z)
in a real group in the mocks (without the spatial or redshift sampling rates)
by Ntrue(Mb,lim), then we find that, for reconstructed groups exhibiting a
two-way-match to real groups, the estimated Ncorr(−20) exhibit a relatively
large scatter (±50%) compared with Ntrue(−20) of the corresponding real
groups. Furthermore, Ncorr(−20) on average overestimates Ntrue(−20) by
about 50-100% depending on N . This is because (1) for most groups we
are in the low number regime, (2) the sampling rate in the 10k sample
is rather low (so the corrections are big and noisy), (3) groups with no
galaxy brighter than Mb,lim(z) cannot be corrected for sampling rate at all,
and (4) the reconstructed groups are affected by interlopers. One should
therefore be cautious in interpreting Ncorr as the actual richness of the
groups. Nevertheless, Ncorr(−20) shows a relatively tight correlation with
the estimated halo mass Mfudge (see Sect. 4.3), even for N ≥ 2, as is shown
in figure 4.3 and thus is still a useful quantity. The analysis of the redshift
distribution for groups with a given Ncorr(−20) is performed in section 4.5.2.

4.2 Velocity dispersion estimation

The corrected richness Ncorr discussed in the last section is probably the
simplest and most straightforward characterization of a group. However,
there are other characterizations of groups which may be more directly use-
ful from a physical point of view such as velocity dispersion σ or dynamical
mass M . Since most of our groups have richness N . 10, we are in a low
number regime, where the estimation of both velocity dispersion and mass
is non-trivial.

According to Beers et al. (1990) the best estimators for velocity disper-
sion in groups with few members are the gapper estimator and the simple
standard deviation. On the other hand, the biweight estimator seems to
work very well on a large range of richness classes N except for N . 20
where its performance is lower but still sufficient. For comparison, we have
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for the 10k groups. Shown are all groups region having a redshift
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line is the same quantity for the reconstructed groups in the mocks
not shown here. The dotted line exhibits the linear regression for the
Ntrue(−20)-M -relation for the real groups in the mocks. Taking into
account the overestimation of Ncorr of about 50-100% (see the text),
the dotted curve can be reconciled with the solid one.
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implemented all three estimators and none of them is significantly superior
to the others when applied to the mocks, and so we will stick to the gapper
estimator since it is the most commonly used among the three.

The implementation for a group with N members is as follows: First of
all, for each group member i we computed the redshift difference dzi in
respect to the mean group redshift zgr. Then these redshift differences were
converted into velocities by

dvi = c dzi/(1 + zgr) (4.2)

with c the speed of light. Then after sorting the velocities dvi in ascending
order, the gapper estimate is given by

σgap =

√
π

N(N − 1)

N−1∑
i=1

wigi, (4.3)

whereas the weights wi and the gaps gi are defined by

wi = i(N − 1) (4.4)

gi = dvi+1 − dvi (4.5)

for i = 1, . . . , N − 1. However in order to have a realistic estimate of the
velocity dispersion of our group we have to correct σgap for our redshift
uncertainty σv of roughly 100 km s−1. This is done by

σ̂ =
√

3
√
σ2

gap − σ2
v, (4.6)

where σ̂ is the final estimate of the velocity dispersion σ. The factor
√

3
converts the line of sight velocity dispersion to the 3D velocity dispersion.
If σv is larger than σgap we set σ̂ formally to zero.

Since the COSMOS lightcones (Kitzbichler & White 2007) provide only
the “virial velocity”1 vvir of the DM halos and not directly the “velocity
dispersion” σ, we cannot precisely estimate the uncertainty of the estimated
σ̂ for a group. But comparing σ̂ to vvir should provide an upper limit
to the uncertainty. To take into account the influence of interlopers on
σ̂, we considered the estimated velocity dispersion of reconstructed groups

1In the COSMOS lightcones, the virial velocity is simply defined by vvir =
√
GM200/r200,

whereas G is the gravitational constant, and M200 and r200 are the virial mass and the
virial radius, respectively, related by M200 = 4/3 πr3

200200ρc(z) with ρc(z) the critical
density of the universe at the redshift of the halo.
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exhibiting a two-way-match with real groups. (Wrongly detected groups do
not exhibit a meaningful velocity dispersion.)

We find that for N ≥ 5 the ratio between the median virial velocity vvir

and σ̂ remains roughly constant for σ̂ & 350 km s−1, and exhibits an error of
about 25% (upper and lower quartile) (figure 4.4). Note that the estimated
σ̂ do not need to fall exactly on the 45◦-line, since σ and vvir are not exactly
the same quantities. For σ̂ . 350 km s−1 the estimated velocity dispersion
σ̂ is biased to lower values due to the subtraction in equation (4.6). On the
other hand, for N < 5, the correlation between σ̂ and vvir is very weak, so
that the σ̂ for these richness classes contains almost no information. Hence,
we have decided to assign no estimated velocity dispersion to groups with
N < 5 for the published catalog.

Note that applying the velocity dispersion estimation to the real groups
instead of the reconstructed groups does not significantly alter these results.
Even estimating the velocity dispersion for the real groups in the 10k mocks
taking into account all galaxies down to r ≤ 26 still yields a scatter of about
10-15%.

4.3 Estimation of dynamical mass

Estimating the dynamical mass of the underlying dark matter halo of a
group is even more difficult than estimating the velocity dispersion. The
simplest method for the estimation of dynamical mass is by using some form
of the virial theorem. The standard relation is (Zwicky 1937)

M̂ = A
σ̂2r⊥
G

, (4.7)

where A is a constant depending on the mass distribution of the halo (e.g. ge-
ometry, concentration, etc.), σ̂ the estimated velocity dispersion, and r⊥ is
some estimate of its projected radius. Heisler et al. (1985) discuss four sim-
ple mass estimators, each being only a function of the projected distances
and radial velocities of the group galaxies in respect to the group center.
In applying them to the reconstructed groups in the mocks, none of them
works substantially better than the simple relation in equation (4.7) and all
show a similar behaviour, so we consider only the standard virial theorem.

To use the estimator in Equation (4.7), the constant of proportionality
A needs to be calibrated properly. Doing this with the mocks and using an
appropriate estimation for the projected radius, we find a similar behaviour
for the estimated masses like for the velocity dispersion. For N . 5 there
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Figure 4.4 Correlation between the estimated velocity dispersions σ̂
of groups with N ≥ 5 and the virial velocities vvir of the DM halos.
Each point displays a reconstructed group exhibiting a 2WM to a real
group whose DM halo yields vvir. It is obvious that for σ̂ . 350 the
estimated velocity dispersion is underestimating the virial velocity.
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is only a very weak correlation between the estimated mass and the actual
mass of the underlying DM halo. For N & 5 there is a correlation, but
only for M̂ & 5 × 1013 M�, and with an error (upper and lower quartiles)
of roughly a factor of 2 with respect to the median. Since these mass
estimates would be of relatively limited use and since the mocks are needed
for calibration anyway, we have instead pursued another approach:

It turns out that using observed richness N , corrected for sampling and
redshift success rate, and redshift z as proxy for the mass and calibrating
them with the mocks works rather well. The mass for a group with observed
richness N and redshift z is then simply given by

Mfudge =
〈
Mhalo(Ñ , z)

〉
, (4.8)

where Mhalo(Ñ , z) denotes the mass of a halo at redshift z containing Ñ
galaxies, Ñ is the observed richness of the group corrected for sampling
and redshift success rate, and the angle brackets denote the average over
the halos in the 24 mocks. We will denote this mass as “fudge mass” to
indicate that it is calibrated with the mocks.

The fudge masses of the reconstructed groups with N ≥ 5 exhibiting
a 2WM to their real groups are shown in figure 4.5. In contrast to the
velocity dispersion estimates, there is no bias for small masses. The error
for the masses (upper and lower quartiles) is about 50%. Furthermore,
the masses are also defined for small groups, whereas the upper quartile
increases toward 100% for N = 2. The lower quartile does not change
significantly.

Fudge quantities

In the same spirit like in the previous we can also define other “fudge quan-
tities”.

Also particularly useful have proofed the so called “fudge quantities”.
Regarding a certain property of groups Q (e.g. mass, radius) which exhibits
a correlation with the number of members in a group, these quantities can
be estimated and calibrated using the mocks. This average scheme can
straightforwardly extended to include other characteristics of the groups to
average over.

That is any quantity Q exhibiting a correlation with the richness of the
group can be assigned a corresponding Qfudge defined by

Qfudge =
〈
Qmock(Ñ , z)

〉
, (4.9)
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Figure 4.5 Correlation between the “fudge mass” Mfudge of groups
with N ≥ 5 and the virial mass Mhalo of the corresponding DM halos.
Each point displays a reconstructed group exhibiting a 2WM to a real
group to whose DM halo mass it is compared.
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Table 4.2. Errors for the fudge quantities within the 20k catalog

Quantity N = 2 3 ≤ N ≤ 4 5 ≤ N ≤ 9 N ≤ 10

Mfudge ∆ dex 0.37 0.27 0.18 0.15
vfudge rel. error 0.21 0.19 0.13 0.09
rfudge rel. error 0.27 0.23 0.16 0.11

whereas Ñ is again the observed richness of the group after correcting for
the sampling rate and RSR. Beside the fudge mass we have computed these
fudge estimates for the halo virial velocity (“fudge velocity”) and halo radius
(“fudge radius”). For the fudge velocity we have also used the velocity
dispersion σ as further parameter and for the fudge radius the projected
extension of the group. The scatter of the estimated quantities compared
to the true quantities for reconstructed 20k mock groups exhibiting a 2WM
to real groups is given in table 4.2. As expected the errors decrease with
increasing observed richness N . Note that the fudge-quantities must not be
mistaken for real physical estimates of the corresponding quantity, they are
rather “typical” values calibrated with the mocks.

4.4 An example of a super-group at z = 0.22

In Knobel et al. (2009) I described the detection of a “super-group” (i.e. group
of groups) with the 10k sample. It is one of the most striking X-ray sources
within the COSMOS field detected by Finoguenov et al. (2007) and is prob-
ably an example of a cluster in the process of formation by merging of
several smaller groups (Smolčić et al. 2007). The redshift of the system is
about z ∼ 0.22. Another example of such a system at redshift z = 0.37 was
described in the literature (Gonzalez et al. 2005; Kautsch et al. 2008).

Although the system was first detected in X-ray, the investigation with
the spectroscopic sample enabled to clearly identify several subgroups of
the galaxies in this system. However, the group-finding method for the 10k
sample completely failed to recognize these substructures and just connected
all galaxies on and around the region emitting X-ray. This is a typical
weakness of FOF algorithms. The 10k VDM catalog recognized at least
some sub-structure in that region, but only partially. This is why I finally
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Figure 4.6 Merging “super-group” at z ∼ 0.22. Black points de-
note field galaxies, and the other symbols (squares, triangles, etc.)
are group galaxies, where each group has its own symbol and color.
The left panel shows the system as detected with the 10k sample for
which the sub-clustering was imprinted manually (see text), and the
right panel shows the state for the 20k. For the latter no manual in-
tervention was needed anymore. The blue contours exhibit the X-ray
emission as observed with XMM-Newton (Finoguenov et al. 2007).

decided to manually assign the galaxies to different groups (figure 4.6, left
panel). For the 20k sample such an intervention was not needed anymore
since due to the larger number of observed galaxies in that region also the
FOF algorithm was able to recognize the substructures (right panel).

4.5 Comparison with the mocks and 2dfGRS

In this section, we will compare basic properties of our group catalog with
the mocks. And since zCOSMOS was designed to have a similar survey
design as 2dfGRS, albeit at higher redshifts, and since we adapted our
groupfinder from the 2PIGG group catalog (Eke et al. 2004) of 2dfGRS, it
is reasonable to use 2PIGG as a reference point in the local universe.

4.5.1 Number of groups as a function of N

The most straightforward way to compare the real data with the mocks is
to compare the number of zCOSMOS groups with the number of recon-
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structed mock groups as a function of observed richness N . This is shown
in figure 4.7 for the 20k sample.2 Compared to the mock data the number
of groups of the FOF group catalog is mostly within the range expected
due to sample variance.3 The overall slope of the Ngr(N) function for the
20k data, however, is steeper than for the mocks. Particularly the number
of groups with two and three members is about 25-50% higher than in the
mocks and for N & 18 there is a significant lack of groups in the 20k sample
compared with the mocks. Both trends were alread noted for the 10k sam-
ple (Knobel et al. 2009) and are now confirmed with the 20k sample. The
excess of groups with N . 3 cannot be blamed to the existence of secondary
objects which could boost the number of small groups since the fraction of
such objects is only about 2% (see also Fig. 4.8).

It should be particularly noted that many mocks contain groups which
are much larger than those in zCOSMOS. That is it is not only the number
of large groups that is different, the slope of extremely large groups is quite
steep in the mocks. While the largest group in the 20k sample has 33
members, there are on average about 3-4 groups with N ≥ 40 per 20k mock
catalog and 1-2 groups with N ≥ 60. These huge groups are not an artefact
of our groupfinding method, but are also present in the real group mock
catalog. Since the high mass end of the halo mass function is very sensitive
to σ8 (see Sect. 1.4.3), the difference in big groups could indicate that the
σ8 = 0.9 for the mocks is probably too high compared to the real universe.

It is interesting to shift the discussion at this point to the group “robust-
ness” defined in section 3.5.2 being a measure of how stable a certain group
is in respect to variations of the FOF linking lengths. The group robustness
frob(f) for f = 0.5 and 1.5 for the zCOSMOS 20k groups are shown in the
lower panels of figure 3.12. For the real data the number of groups declines
significantly faster for higher robustness then for the mocks, particularly in
respect to fragmentation (f = 0.5). So it seems there are not only less big
20k groups than in the mocks, the groups are also less robust. In fact, these
two conclusions complement each other and point into the same direction.

2For a detailed discussion of the number of groups in the 10k sample we refer to Sect. 5.1
of Knobel et al. (2009).

3Since for the 20k mocks the reconstructed group catalog traces the number of real
groups very well for any richness there is no need not to distinguish between number
of reconstructed mock groups and real mock groups.
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Figure 4.7 Number of groups of the 20k catalog as a function of
observed richness N . The upper panel shows the absolute number
of groups Ngr and the lower panel the relative number compared to
the number of real groups within the mocks. Shown are the 20k
FOF catalog (red solid line), the 20k GRP2 catalog (red dashed line),
the reconstructed mock groups (blue line), and the 10k FOF catalog
(black line). The error bars exhibit the standard deviation among
the 24 mocks, and the gray shaded area corresponds to the sample
variance of the real groups within the mocks.
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4.5.2 Fraction of galaxies in groups

A quantity that is closely related to the number of groups in a catalogue
is the fraction of galaxies in the sample that are placed in groups. This
fraction is shown as a function of redshift in figure 4.8 for N ≥ 2 and
N ≥ 5 in the central region. The overall behaviour of the fractions in the
10k sample (red line) match quite well those of the reconstructed groups
(or real groups), at least in the redshift range z . 0.7. At higher redshift
the fraction of 20k group galaxies is significantly higher than in the mocks
indicating a problem of the semi-analytic model used for the mocks. The red
dashed corresponds to groups which are still detectable even if all secondary
objects were discarded which could boosting the number of small groups at
these redshifts. The difference to the fraction of the total group sample is,
however, very small. It is noticeable (particularly for the lower panel) that
the fraction of galaxies in groups is rather high at the redshifts z ∼ 0.4 and
z ∼ 0.7, where the huge structures in the COSMOS field are (cf. Fig. 2.4).

The decline of group galaxies with redshift has two reasons: First of all,
there are fewer groups at high redshift, as expected from the hierarchical
growth of structure at these scales, and second, the fraction of detectable
groups decreases with redshift, since the galaxy density decreases and so
it becomes more and more improbable to observe two galaxies residing in
the same DM halo. The second of these has been already discussed in
section 2.4 (see figure 2.5), so we focus here mainly on the first reason
which is demonstrated in figure 4.9. Here the fraction of galaxies in groups
is shown as a function of Ncorr(−20), and all galaxies samples are chosen
to be volume limited in respect to Mb,lim(z). The solid black line exhibits
the fraction of 10k group galaxies in the redshift bin 0.2 ≤ z ≤ 0.5, and
the dashed black line the fraction in the redshift bin 0.5 ≤ z ≤ 0.8, each
time in the central region. The magenta and the cyan hatched regions show
the regions enclosed by the upper and lower quartiles of the corresponding
fractions in the mocks for the low and high redshift bin, respectively. The
fractions in the mock are rather lower than in the 10k sample, especially
at low redshift, although there are single mocks which have fractions as
high as that in the 10k sample and higher. The blue line is the fraction
of galaxies in the 2dfGRS-2PGIGG groups (Eke et al. 2004) in the redshift
range 0.03 ≤ z ≤ 0.13.

Note that the plotted lines are relatively sensitive to the absolute magni-
tudes used to estimated Ncorr. If there are slight systematics in the estima-
tion of the absolute magnitudes, the lines will be slightly too low or too high.
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Figure 4.8 Fraction of galaxies in groups for the 20k catalog as a
function of redshift. The samples are restricted to the central region
and show groups with N ≥ 2 in the upper panel and N ≥ 5 in
the lower panel. The red solid line shows the fraction of galaxies
in zCOSMOS 20k groups and the red dashed line the corresponding
fraction if only groups are considered which are detectable without
the existence of secondary objects. The black line shows the mean
fraction of galaxies in real 20k mock groups and the green line the
mean fraction of galaxies in reconstructed 20k mock groups. The
error bars show the standard deviation of the 24 mocks. The mocks
are in fair agreement with the real data for z . 0.6, but contain
significantly too few groups for z & 0.6.
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for 2dfGRS-2PIGG groups in the redshift range 0.03 ≤ z ≤ 0.13, and
the blue shaded region is the uncertainty given by ±0.2 error in the
absolute magnitude estimation of the 2dfGRS galaxies.
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The absolute magnitudes for the 2dfGRS galaxies were estimated using the
k-correction formula provided by Norberg et al. (2002). Furthermore, in or-
der to adjust the 2dfGRS selection effects and completeness (Colless et al.
2001; Cross et al. 2004) as much as possible to those of zCOSMOS, some
2dfGRS galaxies were removed from the sample in a probabilistic way, and
Ncorr for 2PIGG groups were estimated in the same way as for 10k groups.
The blue shaded region in figure 4.9 exhibits the uncertainty for 2PIGG line
owing for some possible systematics with the absolute magnitude estimation
corresponding to ±0.2 mag. The effect from cosmic variance between NGP
and SGP is much smaller than this.

Figure 4.9 clearly shows a decline of the fraction of group galaxies with
redshift. Since Ncorr correlates fairly well with mass (see figure 4.3), this
decline can straightforwardly be interpreted in terms of growth of structure
as expected in a hierarchical structure formation scenario (Voit 2005). In
fact, using Mb,lim = −20 as absolute magnitude threshold to estimate Ncorr

our sample is volume limited up to z ∼ 0.9, and we have checked with the
mocks that we do not loose groups due to detectability problems in this
sample (see also Fig. 3.7 showing that the completeness of the 10k group
catalog is relatively independent of redshift). As similar plot for stellar mass
limited samples is shown in figure 6.5. The same trend of the buildup of
the cosmic group structures is visible.

4.6 Conclusion

In this chapter, I have described the zCOSMOS group catalogs. The 20k
catalog roughly doubled the number of 10k groups with N ≥ 2 to about
1500 groups, and has even quadrupled the number with N ≥ 10 to 40. The
zCOSMOS 20k group catalog is the largest group sample on for the redshift
range 0.1 . z . 1 so far and the largest group sample on a contiguous field
for &0.3.

I also have investigated the estimation of group properties such as velocity
dispersion and dynamical mass. Groups with N ≥ 5 could been assigned a
velocity dispersion σ̂ and a mock calibrated dynamical mass Mfudge whose
uncertainties are well understood. While for N < 5 we could still assign
a meaningful mass to the groups, a reasonable estimation of velocity dis-
persion is not possible due to the redshift uncertainty of ∼100 km/s. The
fraction of 10k galaxies in groups is about 40% at low redshift and decreases
slowly toward higher redshift.

Comparing the 20k group catalog to the mocks yields fairly consistent
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results. Yet there are two main discrepancies: First, there are too many
small groups with N = 2− 3 and too few large groups with N & 20 in the
zCOSMOS group catalogs compared to the mocks. Second, the fraction of
galaxies in groups is significantly higher at z & 0.6 in the zCOSMOS sample
than in the mocks. Studying the galaxy fraction in groups in volume limited
samples yields decreasing fraction from redshift 0.1 to redshift 0.8. This
demonstrates the buildup of the cosmic group structure of the last seven
billion years.
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Chapter 5
Photometric group members

For some applications it is very useful to have a complete galaxy sample
down to a magnitude limit. For example for studying the most massive
galaxies in groups it must be ensured that this galaxies are present in the
sample. Since even the 20k sample is only complete to about 60% (see table
4.1) the spectroscopic group catalog is not yet optimized for these kind of
studies. On the other hand, since zCOSMOS is performed on the COSMOS
field which was followed in many wavelength bands, we would like to use all
the available information to improve the group catalog.

Since there are high quality photo-z catalog for all galaxies in the COS-
MOS field down to IAB = 22.5, it straightforward to use them to improve
the completeness of the galaxy population of the 20k group catalog. In this
section we present our method of populating the spectroscopic groups dis-
cussed in the previous chapter by photo-z galaxies on a probabilistic basis.1

The work in this section is entirely based on the 20k group catalog.

The photo-zs used in this chapter are from Ilbert et al. (2009) and exhibit
an error of ∼ 0.01 for magnitudes IAB ≤ 22.5. The used stellar masses are
obtained by SED fitting using the code Hyperzmass, a modified version of
the photometric redshift code Hyperz (Bolzonella et al. 2000). The detailed
method is outlined in Bolzonella et al. (2010) and yields a scatter for the
stellar mass of about 0.2 dex.

1Although there are in principal ways to detect groups in photometric galaxy samples
(e.g. Li & Yee 2008; Gillis & Hudson 2011), we will only use the groups detected by
spectroscopic galaxies. We will not use photo-z galaxies to detect new groups.
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5.1 Assigning probabilities to photo-z galaxies

Due to the photo-z errors of ∼0.01 we cannot expect to assign photometric
galaxies to groups in a unique and reliable way. Some group galaxies might
appear in large distance from the group center in redshift space and some
galaxies could be candidates for several groups. However, we can attempt
to quantify the probability of such galaxies to be associated to groups. This
probability will depend on the distance from the group in redshift space.
We expect the closer a galaxy falls to a group the higher the probability that
it is a member. The particular relation, however, is not trivial and I will
use the mocks to determine it — similar to the group-finding parameter
determination of the spectroscopic catalog. Additionally to the distance
of the galaxy from the group in redshift space the association probability
might also depend on the luminosity or stellar mass of the galaxy. However,
since the dependence of the probability from this quantities will sensitively
depend on the semi-analytics of the mocks and since we aim to use our
group catalog to test such relations, we will not use information any color
or stellar mass information for estimating association probabilities.

Suppose we have a group at (αgr, δgr, zgr) in redshift space and a nearby
galaxy at (α, δ, z) with a redshift error of δz. We will parametrize the
distance of the galaxies from the group by the scaled offsets perpendicular
and parallel to the line of sight

σr =
r

rgr
, σz =

|z − zgr|
δz

, (5.1)

where r(α, δ, αgr, δgr, zgr) is the physical distance of the galaxy from the
group center perpendicular to the line of sight and rgr is a measure of the
extension of the group perpendicular to the line of sight. What shall we take
for rgr and αgr, δgr? A suitable group extension rgr should ideally scale with
the virial radius of the group and αgr, δgr should approach the center of the
underlying dark matter halo. Since there are no unique estimators satisfying
these requirements we will focus on different possibilities and discuss their
relative strengths using the mocks.

Regarding the group extension rgr a natural estimator would be the root
mean square (RMS) of the spectroscopic members of a group, that is

rrms(αgr, δgr) =

√√√√ 1

N

(
N∑
i=1

(αi − αgr)
2 +

N∑
i=1

(δi − δgr)
2

)
, (5.2)
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where (αi, δi) is the position of the ith galaxy in the group. Note that this
estimator is still dependent on the choice of the group centers (αgr, δgr). The
main drawback of this choice is its low correlation with the virial radius of
the group as checked with the mocks. In fact it proved to be very hard
to estimate the virial radius from the distribution of galaxies. The second
problem come from the fact that particularly for groups with low richness
N the scaling rrms can become unrealistically small. The second straight-
forward candidate for rgr is the fudge radius rfudge (see Sect. 4.3). It has
the advantage of solving both the drawbacks of rrms.

The estimators for the group centers are discussed in detail in section
5.3. Some of the discussed estimators use also the photo-z information. As
a benchmark for comparison we will often use simply the average over the
positions of the spectroscopic group members which will be termed “stan-
dard centers”. On the other hand, for the final computation of association
probabilities, we have used “improved centers” (defined in Sect. 5.3) which
are themselves based on association probabilities of photo-z galaxies. So the
final probabilities are obtained by an iterative procedure which, however,
already converges after one iteration.

I then extended the spectroscopic 20k mock galaxy sample by adding
photo-z mock galaxies yielding an IAB ≤ 22.5 complete galaxy sample.
That is each galaxy of the IAB ≤ 22.5 limited mock sample which was not
assigned a spectroscopic redshift in the process discussed in section 2.3 was
given a photometric redshift by perturbing its redshift by an amount drawn
from a Gaussian distribution with standard deviation δz = 0.01(1 + z).
Using these photo-z mocks, I computed for each reconstructed mock group
having a 2WM to a real group the fraction f(σr, σz, N) of photo-z galaxies
which are member of the group as a function of σr and σz, and N . To
obtain large enough group samples for the computation of f , we restricted
the richness dependence to the four richness classes N = 2, 3 ≤ N ≤ 4,
5 ≤ N ≤ 9, and N ≥ 10. For each group the function f(σr, σz, N) was
evaluated for each galaxy and interpreted as the probability that a this
galaxy is a member of this group.2 According to this scheme a galaxy can
be associated to more than one group if it lies close enough to more than
one group such that f(σr, σz, N) is nonzero. The functions f(σr, σz, N) are
shown in figure 5.1 for the four richness classes. They are all very similar
and are smooth, strongly decreasing functions for increasing σr and σz. Note

2Since the function f was estimated using only the reconstructed groups with 2WM to
real groups, it does not include the effect of group detection failures. This must be
considered additionally.
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Figure 5.1 Fraction f(σr, σz, N) of photo-z galaxies to be associated
to groups. The surface is the mean of f of the 24 mocks and the
error of the mean is indicated by the black bars. The function f was
empirically computed using the reconstructed groups exhibiting 2WM
to real groups (i.e. it does not include the effect of group detection
failures) and is based on rfudge and the improved centers (see text).
For σr ∼ 3 or σz ∼ 3 the fraction f is basically zero.
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that the probability of a galaxy being a member of the group can be larger
than the probability of the galaxy having a redshift that is compatible with
the redshift of the group if the σr is small enough. The reason for this lies in
the fact that it is already unlikely to have a galaxy that close to the group
center with roughly the same redshift.

Since galaxies can be associated to more than one group, it can happen
that their probabilities as computed in the previous paragraph sum up to
more than 1 violating the axioms of probability theory. Therefore we in-
troduce a slight modification of the assigned probabilities. If a galaxy is
associated to n groups with probabilities pi, i = 1, . . . , n, we first compute
the probability that it is no member of any group

pfield =
n∏
i=1

(1− pi) . (5.3)

Then the probability of the galaxy to be in any group is taken to be 1−pfield

instead of ptot =
∑n

i=1 pi. Finally we just scale the probabilities by the ratio
of these two, i.e.

p̃i = pi
1− pfield

ptot
. (5.4)

The modified probabilities p̃i are consistent with the axioms of probability
theory.3 For the ease of notation I will just write pi instead of p̃i in the
following and refer to these quantities as “association probabilities”.

Figure 5.2 shows fraction of successful associations4 as a function of prob-
ability p. The solid lines correspond to estimates of p based on the fudge
radius and the improved center and the dashed lines to estimates based on

3Note that p̃ is only an approximation for the true probability which would be extremely
hard to compute. In order to estimate the the probability for galaxies associated to
more than one group correctly using our empirical method, we would in principle
have to find exactly the same configuration many times in the mocks. This would
then enable us to empirically compute the fraction of times for which the galaxy is
associated to a certain group in a certain configuration. This would require a huge
number of mocks.

4In the case of a 2WM between reconstructed and real group we define a photo-z to
be “successfully associated” to the reconstructed group if the galaxy is a member of
the related 2WM real group. For a fragmented group a successful association means
that the photo-z is a member of the real group to which our reconstructed group is
associated. In the case of an over-merged group the photo-z galaxy needs to be a
member of the real group which is associated to our reconstructed group and which
contains the largest fraction of our reconstructed group of all real groups associated
to our reconstructed group. For spurious group, there is no corresponding real group
and every photo-z is regarded as failed.
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Figure 5.2 Fraction of correct associations as a function association
probability p for different richness classes. The lines show the mean
of the fractions computed for each of the 24 mocks and the error bars
exhibit the error of the mean. The dashed lines are for probabilities p
based on rrms and the solid lines for p based on rfudge. The red lines
correspond to galaxies associated to reconstructed groups exhibiting
a 2WM to real groups. Ideally this lines should lie on the dotted
line. Statistically significant deviations are caused by galaxies which
are associated to more than one groups. The probabilities for such
galaxies are given by the green lines. In contrast, the blue lines are
for galaxies associated to group which do not exhibit a 2WM to real
groups.
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rrms and the standard centers. The red line corresponds to all associations
of reconstructed mock groups exhibiting a 2WM to real mock groups, where
the error bars are the standard deviation of the mean of the 24 mocks. The
slight deviations from the dotted line are produced by the galaxies which
are associated to more than one group. These galaxies are shown by the
green line. Their probabilities are only slightly underestimated for hight p
and sightly overestimated for low p. This demonstrates that the concept of
probability works reasonably well even for those galaxies being associated
to more than one group. The blue line, in contrast, shows the photo-zs asso-
ciated to groups which do not exhibit a 2WM, i.e. the ∼30% reconstructed
groups which are not in the bottom layer of figure 3.11. While the choice of
the group extension rgr to the computed p seems to have a negligible effect
for the photo-zs of the 2WM groups (red and green lines), the fudge radius
rfudge seems to work better for the “failed groups”. The reason for this is
that such groups have sometimes strange shapes so that rrms is far too large
which results in more (wrongly) associated galaxies than if rfudge was used.
The fudge radius rfudge instead depends only on the richness and thus is
unaffected by the shape of the group.

The distribution of p for the associated photo-z galaxies in the four rich-
ness classes is given in figure 5.3. The histogram of the 20k sample is in
reasonable agreement with that of the mock sample for all richness classes.
This reassures that the application of the procedure to the 20k sample works
similar as for the mocks.

The completeness of the group membership for all photo-z galaxies > p
is shown in figure 5.4. The blue line is for probabilities p based on rrms,
the green line for p based on rfudge and the standard centers, and the red
line for p based on rfudge and the improved centers. The biggest difference
between the blue and the the other lines is for low p, where particularly
for small groups the completeness is significantly lower than for the other
probabilities. This is due to the fact that particularly for small groups
rrms can happen to be far too small and so too few photo-zs galaxies are
associated to such groups. This is the most significant advantage of using
rfudge instead of rrms. The difference between the choice of the group centers
is most obvious at high p and for large groups, where the improved centers
exhibit a slight improvement. The choice of the group extension is, however,
more important than the choice of the centers.
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Figure 5.3 Normalized distribution of the association probability p
for different richness classes. The black histogram is for all recon-
structed mock groups, the dotted histogram for mock groups exhibit-
ing a 2WM to real groups, and the red histogram for the real 20k
data. For the mocks, the histograms are the averages of the normal-
ized distributions computed for each of 24 mocks and the error bars
are the corresponding standard deviations.
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Figure 5.4 Completeness of the photo-z group population for associ-
ation probabilities >p. The lines show the median of the completeness
computed for each of the 24 mocks and the error bars exhibit the up-
per and lower quartiles. The blue line is for probabilities p based on
rrms, the green line for p based on ffudge and standard group centers,
and the red line for p based on ffudge and on the improved centers.
The error bars show the upper and lower quartiles of the mean com-
pletenesses of the 24 mocks.
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5.2 Determining the most massive galaxy of the
group

Having computed association probabilities p for all photo-z galaxies we
know, at least statistically, the whole group population down to the magni-
tude limit IAB ≤ 22.5. This enables us to determine, again at least statis-
tically, the most massive galaxies within the groups.Since the most massive
galaxy of a certain group can be either a spec-z or a photo-z galaxy we will
introduce also association probabilities for the spectroscopic galaxies. We
do this in the same way like for the photo-zs except for the fact that we
assign only probabilities to spectroscopic galaxies which are already group
members and set σz to zero, i.e. the association probability is determined
only by the distance from the group center. The aim at introducing asso-
ciation probabilities for spectroscopic galaxies is to avoid possible massive
interlopers at the outskirts of groups to be taken as most massive galaxies
(cf. Fig. 3.8). For pairs the assigned probabilities were just set to one.

To compute the probability pM of a galaxy to be the most massive (in
terms of stellar mass) of a certain group, we first sort all its members —
spectroscopic as well as photometric — in descending order after stellar
mass such that Mi−1 ≥Mi for i ∈ 2, . . . , Ntot, where Ntot is the number of
spectroscopic and photometric members. The probability [pM ]i of a certain
galaxy to be the most massive in the group is then simply [pM ]1 = p1 and

[pM ]i = pi

i−1∏
j=1

(1− pj) , i ∈ 2, . . . , Ntot . (5.5)

Figure 5.5 compares pM to the empirical fraction of correct most massive
galaxies within the mocks and should considered in combination with figure
5.6, in which the distribution of pM for a certain richness class is shown.
While it makes no substantial difference whether the association probabili-
ties p for the computation of pM are based on rrms or rfudge, the uncertainty
in the stellar mass of 0.2 dex causes the pM to be underestimated for large
pM. Nevertheless there is a strong correlation between pM and the fraction
of cases in which the galaxy under consideration is the real most massive
galaxy of the group. For a cut, for instance, of pM > 0.7, the true prob-
ability of having the most massive galaxy of the group is still higher than
50%.

For each richness class, the distribution of pM is a two-peaked function
(Fig. 5.6). Either the value of pM rather high or rather low, but there are
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Figure 5.5 Fraction of correct most massive galaxies within recon-
structed mock groups as a function of pM for different richness classes.
The lines show the mean of the fractions computed for each of the 24
mocks and the error bars exhibit the error of the mean. The blue line
corresponds to pM estimated using rrms, the red line corresponds to
pM based on rfudge and the sophisticated group centers, and the black
line corresponds to the latter case, but without perturbing the stellar
masses of the galaxies.
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Figure 5.6 Normalized distribution of pM for different richness
classes. For each richness class all photo-z galaxies and all groups are
used. The black histogram is for all reconstructed mock groups, the
dotted histogram for mock groups exhibiting a 2WM to real groups,
and the red histogram for the real 20k data. For the mocks, the his-
tograms are the averages of the normalized distributions computed for
each of 24 mocks and the error bars are the corresponding standard
deviations. It is obvious that most groups have clear most massive
galaxy candidate.
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only few cases, where pM is around 0.5. This not only tells us that most
of the groups have a clear candidate for being the most massive galaxy.
The real 20k sample (red histogram) follows fairly well the histogram for
the mocks (black solid) except maybe for the largest pM. For this bin the
real data histogram is lower than that of the mocks probably since the
stellar mass scatter of 0.2 dex is slightly optimistic. So in total, despite
of the uncertainty in stellar mass, pM is a very useful concept and works
reasonably well for the real data.

Note that in figure 5.5 pM for the unperturbed stellar masses underesti-
mates the true probability for pM & 0.5. This is due to the fact that the
association probability p is already underestimated for these galaxies be-
cause of their high stellar mass. That is having a galaxy close to a group
with a high stellar mass, its probability of being associated to the group is
higher than for a normal galaxy at the same offset from the group.

5.3 Group center

Another immediate application of the association probabilities p is to esti-
mate the centers of the groups. By group center we mean the center of the
corresponding DM halo which is defined by the position with the deepest
potential well. In the COSMOS light cones this position is given by the
most bound particle within a halo and is also the position of the central
galaxy within the halo.

By the aid of the mocks we can test several estimators E for the group
center and compare their relative goodness. Some of the estimators are
based on the areas of the Voronoi cells of the projected galaxy positions. To
compute these areas we project a group to the plain perpendicular to the line
of sight and perform a 2D Voronoi tesselation using only the group galaxies
(either only spec-z or both spec-z and photo-z) and the spectroscopic field
galaxies surrounding the group to prevent the areas of the Voronoi cells at
the outskirts of the group to become infinite. We then expect the size of
the Voronoi area to be smaller on average towards the center of the groups.

Now I define the estimators E1 to E10 as follows. The estimators E1 to
E4 are depending on the spectroscopic information only:

E1: Mean of the positions of the spectroscopic member

E2: Stellar mass weighted mean of the positions of the spectroscopic mem-
bers
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E3: Inverse Voronoi area weighted mean of the positions of the spectro-
scopic members

E4: Stellar mass and inverse Voronoi area weighted mean of the positions
of the spectroscopic members

The estimators E5 to E8 include also the information from the photometric
galaxies. They are basically identical to the former estimators, but that
each galaxy — spec-z as well as photo-z — is additionally weighted by their
association probability p:

E5: Probability weighted mean of the positions of all group member

E6: Probability and stellar mass weighted mean of the positions of all
group members

E7: Probability and inverse Voronoi area weighted mean of the positions
of all group members

E8: Probability, stellar mass, and inverse Voronoi area weighted mean of
the positions of all group members

The estimators E9 and E10 are not any more based on the (weighted) mean
of the positions of the group population, but attempt to find directly the
central galaxies of the groups. So these estimators are defined by selecting
for each group the galaxy with the largest f , where

E9 : f = p/A

E10: f = pM∗/A

with M∗ the stellar mass and A the Voronoi area of the galaxies. Note that
all estimators which are based on the Voronoi area A are not necessarily
defined for all groups since A might happen to be infinite for all members
in small isolated groups.

The average offset between the estimated group centers and the true group
centers is shown in figure 5.7 for different richness classes and for different
group extensions rrms. The dependence on rrms is considered by dividing
each group population within a richness class into the four quartiles of its
distribution of rrms. The values of the boundaries dividing the four quartiles
are given in table 5.1. The goodness of the different estimators E1 to E10

strongly depends on both the extension and the richness of the group. There
can be several statements made which shall be summarized as follows:
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Figure 5.7 Offset between the estimated group centers and the true
group centers for all reconstructed 20k groups exhibiting a 2WM to
real groups. The x-axis plots the four quartiles for the group extension
rrms (see Tab. 5.1). The estimators are indicated for each row in the
left panel and the richness class increases towards right. Blue lines
contain only spec-z information and red and green lines spec-z and
photo-z. The lines are the median offsets of all reconstructed 20k
groups within the 24 mocks exhibiting a 2WM to real groups, and the
error bars are the upper and lower quartiles. For comparison E1 is
shown in all panels as dotted line.



108 5 Photometric group members

Table 5.1. Borders dividing the four quartiles of rrms for group
populations of different richness classes

1/2-quartile 2/3-quartile 3/4-quartile

N = 2 0.0011 0.0034 0.0055
3 ≤ N ≤ 4 0.0042 0.0064 0.0089
5 ≤ N ≤ 9 0.0079 0.0109 0.0150
N ≥ 10 0.0140 0.0193 0.0273

• The smaller the group extension, that is the smaller the group appears
projected on the sky, the smaller the offset from the true group center.

• The higher the observed richness of the group the more effective is
weighting the galaxies by stellar mass or the inverse of the Voronoi
area.

• For group with N . 5 weighting by stellar mass is more effective than
weighting by the inverse of the Voronoi area and vice versa for N & 5.

• Weighting by both stellar mass and the inverse of the Voronoi area is
superior to weighting by either of these alone for all richness classes
except for pairs.

• The larger N and the more extended the group, the more effective is
the usage of the association probability p. For N . 5 there is hardly
any gain from using the photo-z information, whereas for N & 5 there
is a clear gain for all estimators particularly for extended groups.

• Regarding the error bars, the most robust estimator for pairs is the
simple geometrical mean between the two galaxies.

• For all groups except of pairs, the by far the best estimator is E10.
For groups with N ≥ 5 for at least half of the groups of any extension
the central galaxy (not necessarily the most massive, see below) is
correctly identified (i.e. offset equals zero) and for three quarter of the
groups the offset from the true group center is less than about 20 kpc.
Compared to the typical extension of a group of the order of half a
Mpc this is an extremely good result.
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However, regarding E10 we have to be careful since the mocks by definition
have a massive galaxy at the centers of their groups. This ’central galaxy
paradigm’ is still under investigation (see e.g. Skibba et al. 2011). Also
note that in the mocks the central galaxy of a group is not always the most
massive, but in about 20-25% of all real mock groups — depending weakly
on N — there is a more massive galaxy within the magnitude limited group
population.

Also note that 50-60% of the galaxies selected by E10 are also the galax-
ies with the highest probability pM within the group. Although the two
concepts are similar and there is a great overlap they are not equal. In
particular, pM can be assigned to each galaxy in a group and also gives
you a quantitative measure of fidelity rather then just selecting a particular
galaxy without giving any information ’how good’ this selection is. More-
over pM is totally independent on the assumption where massive galaxies
preferentially reside within a group.

Given the results in figure 5.7 we have chosen the “improved group cen-
ters”, in contrast to the “standard group centers” being E1, as follows. For
groups with N = 2 we kept the centers to be E1, for 3 ≤ N ≤ 4 we took E3 if
available and otherwise E1, and for N ≥ 5 we took E7 if available and other-
wise E5. So only for the latter richness class we have used information from
photo-z and in neither case have we used information from stellar mass. The
improvements of using the improved centers on the estimators are strongest
for E5 the stronger the higher N and the more extended the groups. The
improvements are at most ∼ 30%. The improvement in E7, however, is so
small that it would not be worth to recompute the probabilities using the
improved E7.

5.4 Conclusion

In this chapter, I have developed a scheme for incorporating galaxies with
IAB ≤ 22.5 into groups for which only photometric information is available.
This is achieved by assigning to all photo-z galaxies a mock calibrated asso-
ciation probability p for being a member of a certain group. This enables us
to complete our group galaxy population for IAB ≤ 22.5 in a probabilistic
way and thus opens the door for new investigations of the group galaxy
population. With the aid of the mocks we studied the fidelity, distribution
and completeness of photo-z galaxies associated to groups and found that
the concept works comparably well for the real data. As two examples of
application, I have introduced the probability pM of a galaxy to be the
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most (stellar) massive of a group and have defined several estimators for
the group centers.

We find that, for the mocks as well as for the real data, most of the
groups of any richness have typically a clear well defined candidate of being
their most massive galaxy. The fidelity of pM , however, depends strongly on
the measurement errors of the stellar mass. Despite this problem, selecting
galaxies with pM ≥ 0.7 yields a success rate of finding the real most massive
galaxies in more than 50% of cases.

Regarding the group centers I have defined 10 estimators of which 4 are
based only on spec-z information and 6 on a combination of spec-z and
photo-z. We find that all estimators typically depend on both spectroscopic
group richness N and projected extension rrms of the group. Typically, the
higher N and the more extended a group the more effective is the consider-
ation of the photo-z information. Moreover, the higher N the more effective
is weighting the galaxy positions by the inverse of their projected Voronoi
areas. We also find that combining the inverse Voronoi area weighting with
stellar mass weighting is superior than just using one of these weighting
schemes alone.

The best of the 10 estimators achieves for at least half of all mock groups
with N ≥ 5 to find the central galaxy (not to be confused with the most
massive galaxy) and for 3/4 of all groups it yields offsets of less than 20
kpc from the real group center. This last result is possibly sensitive to the
semi-analytics of the mocks.
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Chapter 6
Galaxy evolution in groups

The investigation of the galaxy evolution in different environments was one
of the key goals of zCOSMOS, where the environment was characterized by
the galaxy density field (Kovač et al. 2010b) and the group population (Kno-
bel et al. 2009). The question of galaxies evolution was then addressed in a
couple of papers which all originated of the same working team within the
zCOSMOS collaboration. These papers cover the study of the galaxy stel-
lar mass functions in different environments as characterized by the galaxy
density field (Bolzonella et al. 2010) and the relation of the stellar mass
function to the bimodality of galaxies. (Pozzetti et al. 2010). The morphol-
ogy evolution of galaxies in groups is investigated by (Kovač et al. 2010a)
and as a function of the density field by Tasca et al. (2009). Similarly, the
color of galaxies was studied in groups (Iovino et al. 2010) and in differ-
ent environments defined by the density field (Cucciati et al. 2010b). In
this section, I will summarize the work led by Katarina Kovač and Angela
Iovino about the galaxy evolution of different galaxy types in groups. So
the results of the projects shown in this section were not led by myself, but
I was involved in the corresponding working team and their work is heavily
based on my 10k group catalog. The aim of this section is to demonstrate
the potential of science exploration that have been made possible by the
group catalog.
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6.1 Introduction

Roughly speaking the global galaxy population can be divided in two classes
at least up to z ∼ 1 (e.g. Mignoli et al. 2009). On the one hand there are
late type, blue, star forming galaxies1 and on the other hand early type, red,
quiescent galaxies. The latter category is typically older, more massive, and
more luminous than the former. Since this galaxy “bimodality” is particu-
larly pronounced in color with very little intermediate types and since every
galaxy that exists must once have been star forming, it is general consensus
that galaxies are typically first star forming (blue) and then happen to be
“quenched” on relatively short time scales so that they become red. This
process is somehow accompanied by a morphological transformation.

As was mentioned in section 1.1, there is a strong dependence between
the local environment and the galaxy population (Dressler 1980; Postman
& Geller 1984). Denser environments tend to be richer of early-types, red,
quiescent galaxies. This was often regarded as evidence that the group
environment affects galaxy evolution in a special way (“nurture”). Recent
evidence, however, has shown that the galaxy stellar mass function itself de-
pends strongly on environment Baldry et al. (2006); Bolzonella et al. (2010)
which complicates the separation of evolution that is driven by environ-
ment by the global evolution of galaxies which might depend on mass (“na-
ture”). Particularly the fact that the stellar mass functions per galactic type
(e.g. early or late type) is remarkably similar in different environments (Bol-
zonella et al. 2010, Fig. 5) is strong indication that the morphology-density
relation might just be a consequence of the mass segregation between differ-
ent environments. Similarly, the Butcher-Oemler effect (Butcher & Oemler
1978, 1984) asserting that clusters at high redshift contain exceptionally
many blue galaxies is also difficult to interpret in respect to the environ-
mental effects since similar trends have been observed for the field Lilly et al.
(1996) and studies of the distant universe have led to the so-called “down-
sizing” scenario (Cowie et al. 1996) for which the typical mass of galaxies
where the bulk of star formation occurs is higher in the past than today.

In the literature the studies on the dependence of the galaxy popula-
tion on environment are usually performed in luminosity complete samples
(often rest-frame MB, see the discussion in section 4.1.1 of Kovač et al.).
However, as was mentioned in the previous paragraph, there are good rea-
sons to perform the analysis in stellar mass complete samples instead. An

1A galaxy is usually termed “star forming” if its specific star formation rate (sSFR),
i.e. its star formation rate per stellar mass, is shorter than the Hubble time τH ∼ H−1

0 .
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immediate consequence of the fact that the stellar mass function depends
on environment is that every galaxy sample containing a significant range of
masses may show a spurious environmental dependences (this is even true
for samples containing galaxies more massive than a minimum mass). These
spurious effects are clearly demonstrated by the flattening of the observed
color-density relations (Cucciati et al. 2010b) and morphology-density rela-
tions (Tasca et al. 2009) after switching from narrow MB-selected bins to
narrow stellar mass bins. This is why Kovač et al. and Iovino et al. finally
sticked to mass complete samples.

The zCOSMOS survey being able to resolve the group environment up
to redshift z ∼ 1 in unprecedented number provides an excellent basis for
studying galaxy evolution in different environments and addressing the ques-
tion about the importance of environment for galaxy evolution. In section
6.2 we describe the construction of the mass complete samples in different
environments. Section 6.3 provides a compilation of the immediate observa-
tional findings and section 6.4 discusses the interpretation of these findings.
The final section 6.5 summarizes the main conclusions.

The adopted cosmology for this chapter is h = 0.7, Ωm = 0.25 and ΩΛ =
0.75.2

6.2 Sample selection

Studying galaxy properties as a function of environment in magnitude lim-
ited surveys is a subtle matter. One has to make sure that the galaxy sample
under consideration is represented by the same galaxy population for every
galaxy type in all environments over the whole redshift range. This requires
the construction of sophisticated volume limited samples for galaxies and
groups. First, we will define the different galaxy types observationally and
then construct mass complete samples at different redshifts. The definition
of sophisticated samples is a subtle, but important part of the work.

6.2.1 Observational definition of galaxy types

The division of the galaxy population into red and blue galaxies is observa-
tionally simple since colors are easily measurable and the galaxy bimodality
is particularly strong in colors. Iovino et al. define a galaxy to be blue
simply by the condition for rest-frame colors U −B ≤ 1.

2According to this cosmology, the h70 appearing in some figures is equal to 1.
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Morphological classification, however, is a bit more subtle. The analysis of
Kovač et al. is based on the morphological classification of galaxies based on
the Zurich Estimator of Structural Types (ZEST) presented in Scarlata et al.
(2007). Galaxies are classified by ZEST into ellipticals, disk and irregular
galaxies. The disk galaxies are further split in four bins, namely bulgeless,
small-bulge, intermediate-bulge and bulge-dominated disk galaxies. Kovač
et al. consider as “early-types” all galaxies that are classified by ZEST as
either ’elliptical’ or ’bulge-dominated’ systems, i.e. specifically ZEST Classes
1 and 2.0. All other ZEST types are considered to be “late-type” galaxies.
In terms of the conventional Hubble classification scheme, their division
would probably be between spiral type Sa and Sb.

For the computation of the fraction fT,E of a certain galaxy type T in
a certain environment E one has to take into account the incompleteness
of the 10k sample. In both papers, this issue is addressed by introducing
weights wi characterizing the several incompletenesses so that the fraction
fT,E is given by

fT,E =

∑
i∈T ∩E

1

wi∑
i∈E

1

wi

, (6.1)

where T and E are the index sets for the galaxies of type T and for the
galaxies in the environment E, respectively. By restricting each sum to
galaxies in a certain mass and redshift bin, the fraction fT,E(M, z) can be
computed as a function of stellar mass and redshift.

The statistical uncertainty for fT,E was estimated by the bootstrap method,
that is by randomly resampling the galaxies of given mass complete sample
many times and recomputing the fraction fT,E . The statistical uncertainty
was then set to the standard deviation of the recomputed fractions. In both
papers the error bars were estimated by 1000 such Monte Carlo bootstrap
realizations.

6.2.2 Stellar mass complete samples

For the selection of the galaxy samples for different stellar mass bins we have
to be particularly careful not to loose red/early-type galaxies because they
have relatively high mass to light ratios and thus are lost for lower masses
in magnitude limited surveys. This is illustrated in figure 6.1 showing the
mass selection by Iovino et al.. The galaxies plotted are already MB volume
limited and still show a low mass tale of blue galaxies whose red counterparts
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Figure 6.1 Rest-frame U − B colors as a function of stellar mass
M∗ for MB-volume limited galaxy samples in four redshift bins. The
absolute magnitude limits are MB(z) = MB(0)− 1.1z with MB(0) =
−18.2, −18.8, −19.5, −20.1 for increasing redshift. The red points are
group galaxies and the black points non-group galaxies. The dashed
blue lines indicate the color dependent 85% completeness mass-limit
(see text). The shaded area shows the minimum adopted mass for
each redshift bin and the extent of a typical mass bin. The plot
shows that in MB-volume limited samples red galaxies are missing at
lower masses. (Taken from Iovino et al. 2010)
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Table 6.1. Stellar mass selected samples

sample I sample II sample III

Iovino et al.:

Stellar mass rangea ≥ 10.0 ≥ 10.3 ≥ 10.6
Redshift range 0.25 ≤ z ≤ 0.45 0.45 ≤ z ≤ 0.6 0.6 ≤ z ≤ 0.8

Group sample 2 members brighter than MB(z) = −20.1− 1.1z

Kovač et al.:

Stellar mass rangea ≥ 9.88 ≥ 10.21 ≥ 10.68
Redshift range 0.2 ≤ z < 0.4 0.4 ≤ z ≤ 0.6 0.6 ≤ z ≤ 0.8

Group sample groups with Ncorr(−20) ≥ 2, see Eq. (4.1)

aIn units of log(M∗/M�)

are missing due to their high mass to light ratio. The minimum mass at
a certain redshift was determined such that for any color and for every
redshift bin at least 85% of galaxies would have been selected if they had an
apparent magnitude of the survey magnitude limit Iab = 22.5. The selection
of the mass complete samples in Kovač et al. (2010a) was performed in a
similar way. The mass and redshift bins used in these papers are relatively
similar (see table 6.1).

6.2.3 Environment population

The mass complete samples defined in the previous section were then re-
stricted to three different environments — the group environment, the field
(i.e. the whole population), and isolated galaxies. For each environmental
galaxy population must be ensured that it probes the same environment
over the whole redshift range. Otherwise the changing environment could
introduce spurious redshift dependent environment effects. For the field
environment this condition is, of course, trivially satisfied by the mass com-
plete samples.
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Group galaxies To ensure that the group galaxies define at all redshifts
the same environment they must be taken from a volume limited sample of
groups. These samples were constructed requiring a certain amount of group
members to be brighter than an absolute mag limit MB(z) (see table 6.1
for details). As already discussed in section 4.5.2, there are no detectability
problems for groups selected by this method for z . 0.8. The adopted
group galaxies were then simply the galaxies in the mass complete samples
residing in these groups.

Isolated galaxies As a comparison sample, Iovino et al. also produced
a sample of “isolated galaxies” (which was adopted by Kovač et al.). The
definition of an isolated galaxy is based on the Voronoi tessellation of the to-
tal galaxy sample by searching for galaxies with particularly large Voronoi
volumes. To exclude galaxies close to the borders of the survey (whose
Voronoi volumes would be infinite or artificially large due to sampling in-
completeness), they restricted the search to the area 149.57 ≤ α ≤ 150.41,
1.76 ≤ δ ≤ 2.68 and 0.1 ≤ z ≤ 1.0. Moreover, all galaxies in regions with a
sampling rate below 0.2 were omitted since the environment of such galaxies
cannot be determined reliably. These Voronoi volumes were then normal-
ized by the median Voronoi volume within ∆z = 0.2 centered at each galaxy
redshift to account for the general trend of the volumes due to variation of
observed galaxy density with redshift. As a final step they removed nor-
malized volumes which were far to high and thus unreliable (∼ 10%) and
galaxies to be in groups (∼ 14%). The set of isolated galaxies was finally
defined as the highest quartile of the remaining normalized volume distri-
bution. Tests with their own mock catalogs showed that more than 90% of
isolated galaxies construced this way are single occupants within their DM
halos for all galaxies with IAB ≤ 22.5.

6.3 Results

After having created the mass complete galaxy samples in different environ-
ments producing the basic plots is relatively straightforward, whereas the
interpretation of these results is again more difficult. The basic results are
summarized in Figs. 6.2 and 6.3 showing the early type and blue fraction,
respectively, as a function of stellar mass and redshift for different environ-
ments. In addition to the mass ranges defined in table 6.1, Iovino et al.
tried to extend their analysis to even lower masses where the zCOSMOS
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Figure 6.2 Fraction of early type galaxies as a function of stellar mass
M∗ for different environments and redshift bins. The environments are
color coded: group- (red), field- (black) and isolated galaxies (green).
The error bars are obtained by bootstrapping. The dotted lines are
the linear fits to the data points. The early type fraction in groups is
shifted compared to the field by about 0.1 dex in mass. (Taken from
Kovač et al. 2010a)
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Figure 6.3 Blue fraction of galaxies as a function of stellar mass M∗
for different environments and redshift bins. The environments are
color coded: group- (red), field- (black) and isolated galaxies (blue).
The horizontal error bars are obtained by bootstrapping and the ver-
tical are the interquartile ranges of the mass distributions within the
corresponding bins. The blue fraction in groups is shifted compared
to the field by about 0.1 dex in mass. (Taken from Iovino et al. 2010)
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10k sample is not complete. They corrected for this incompleteness by ap-
plying a Vmax-method to the corresponding mass ranges. The filled points
in Fig. 6.3 correspond to the complete ranges and the empty points to the
Vmax-corrected ranges.

Both figures show the same basic trends. There is a strong mass driven
dependence of the early type and blue fraction of galaxies at any redshift
and for all environments. This global trend is basically the Butcher-Oemler
effect which is shown to hold at least up to z ∼ 0.8, but is far from being
restricted to groups. On the other hand, the plots also show differences
between the evolution of galaxies in different environments, even though the
data are a bit noisy and the error bars are sometimes big. At fixed redshift
and for fixed stellar mass, the fraction of blue (early type) galaxies is lowest
(highest) for the group galaxies and opposite for the isolated galaxies. This
trend becomes weaker for increasing redshift and increasing mass. (The
low-mass points in Iovino et al. are based on a heavily incomplete sample
and are therefore not that reliable.) The fact that both papers coincide
in these basic points is reassuring that these results do not depend on the
details of the sample construction or the particular choice of bins. The
overall conclusion is that the group environment “effectively” accelerates
the transformation from blue to red or late to early type galaxies by about
0.1 dex in mass. The interpretation of this effect will be discussed in the
next section.

Another way of looking at the data is by computing for any redshift the
mass for which the blue or early type fraction approaches 50% of the popula-
tion within a certain environment. Kovač et al. (2010a) have computed this
so-called “crossing masses” for galaxy types characterized by morphology,
color, and star formation rates (figure 6.4).3 The crossing masses were com-
puted by a linear fit to the corresponding type fraction-mass relations. The
panels show the obvious trend for all environments and all galaxy types that
the crossing masses are strong decreasing functions with time. That is the
population of early type/red/quiescent galaxies is built up earlier in cosmic
history for higher masses. This is a manifestation of the “downsizing” sce-
nario. However, also obvious are the differences between the environments.
In the redshift range 0.2 . z . 0.5 the group environment approaches a cer-
tain crossing mass roughly 1 Gyr earlier than the field for all galaxy types.
Moreover, the overall slopes seem to be environment depending and steeper

3They define the red galaxies by the rest-frame color condition (U − B) > 1.1 and star
forming galaxies by log(sSFR/yr) ≤ −10.5 with sSFR the specific star formation rate.
The morphological classification remained unchanged.
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Figure 6.4 Crossing masses for the galaxy population in different
environments as a function of look back time tLB. Left panel: Mor-
phological crossing mass for groups (red), field (black), and isolated
(green). Right panel: Crossing masses in respect to morphology (red),
color (green), and star formation (violet) for groups (filled marks) and
the field (empty marks). The environments are color coded: group-
(red), field- (black), and isolated galaxies (blue). The horizontal error
bars are obtained by bootstrapping and the vertical by the interquar-
tile ranges of the tLB-distributions within the corresponding bins. Ob-
vious are the general downsizing effect and the steeper slopes for the
group environment. (Taken from Kovač et al. 2010a)
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for groups than for the field. At redshift z ∼ 0.7 the differences between
the groups and field are relatively small, but are diverting towards lower
redshift.

6.4 Discussion

How can we interpret these results? On the one hand, there is certainly a
clear, global, strong mass-driven evolution over the whole population, on
the other hand, the environment seems to affect this global evolution by
accelerating the transformation of late type/blue/star forming galaxies to
early type/red/quiescent galaxies. Since direct estimates of these transfor-
mation rates are difficult from figure 6.4, Kovač et al. computed them more
directly from the data by an approximate method.

Suppose NE is the number of galaxies in the environment E and fT,E is
the fraction of galaxies of type T in the environment E. For this analysis,
the environments under investigation are the groups (gr) and the comple-
mentary non-group environment (n). The type T is always a “progenitor”
type, i.e. late-type, blue or star forming. The normalized transformation
rate of galaxies of type T in the environment E is then defined by

ηT,E = − 1

NEfT,E

dNT fT,E
dt

' − 1

fT,E

dfT,E
dt

= −
d ln fT,E

dt
. (6.2)

For the second last equality we have assumed that NE is roughly constant
with time. Because of the limited baseline in redshift and limited number
statistics Kovač et al. estimated ηT,E as single time-averaged rate from a
linear fit to the ln fT,E-t relation.

In the case of the group environment, the number of galaxies is certainly
not conserved so that we have to apply a correction to the transformation
rate. The growth of the fraction fgr of galaxies in groups for different mass
bins is shown in figure 6.5 which — similarly to figure 4.9 — demonstrates
the buildup of groups over cosmic time. The number of transformations dN
per time interval dt for a progenitor type T occurring in groups is given by

dN = −NgrdfT,gr − (fT,gr − fT,n)dNgr = −d(NgrfT,gr) + fT,ndNgr , (6.3)

where the term fT,ndNgr accounts for the fact that the galaxy population
inside and outside of groups is not equal. Normalizing this expression by
NgrfT,gr which is the pool of potential objects in the group to be trans-
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Figure 6.5 Evolution of the fraction of galaxies in groups as a func-
tion of look back time tLB for different stellar masses. The different
colors correspond to different ∆ log(M∗/M�) mass bins, indicated in
the right corner of the plot (omitting “log” for clarity). The dotted
lines are linear fits to the data points. The trends visible for all masses
demonstrate the buildup of structure over cosmic time. (Taken from
Kovač et al. 2010a)
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formed, we obtain the corrected transformation rate which takes into ac-
count the effects of infall

ηT,gr,corr ' −
1

fT,gr

dfT,gr

dt
+

(
fT,n
fT,gr

− 1

)
1

fgr

dfgr

dt
, (6.4)

where this time we have assumed that the total number of galaxies is roughly
constant (see discussion below). Thus taking into account the infall of field
galaxies into groups increases the transformation rate since the non-group
galaxies are on average slightly “behind” in respect to their evolutionary
state and need to “catch up” after falling into the groups. For the non-
group galaxies, no such correction is needed since galaxies cannot leave the
groups, i.e. there is no other environment supplying the non-group galaxies
than the non-group environment itself.

There are at least two effects not considered yet. First, since the group
catalog is not perfect, there will be real group galaxies assigned to the
non-group environment and interlopers within groups. This will tend to
wash out the environmental differences and so the differences between the
transformation rates in groups and non-groups using an imperfect group
catalog constitute a lower limit. Second, in Eq. (6.3) was assumed that the
total number of galaxies remains constant. This is certainly at most a rough
approximation, since mergers are well known to exist and able to produce,
for instance, one early-type galaxy out of two late-type galaxies. The latter
effect, however, would again lead to an underestimate of the transformation
rate in groups and so the corrected transformation rate in Eq. (6.4) is a
conservative estimator.

The transformation rates for late-type, blue, and star forming galaxies are
shown in figure 6.6 for the group and non-group environment. The filled
symbols for the group environment correspond to the corrected transforma-
tion rates Eq. (6.4) and the open symbols to the “closed box” approximation
Eq. (6.2). For the non-group environment, only the closed box approxima-
tion is shown. There are at least three interesting results visible: First, the
corrected transformation rates within groups are consistently higher than
outside groups. Second, the transformation rates within groups are consis-
tently higher for those types involving star formation than for that involv-
ing morphological transformation. Third, the transformation rates within
groups are a declining function for increasing stellar mass. At the highest
stellar masses, the difference between the group and non-group environment
is relatively small. For a stellar mass log(M∗/M�) ∼ 10.5 the transforma-
tion rates in groups are about three times larger than outside groups, and
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Figure 6.6 Transformation rates inside (left panel) and outside
groups (right panel) as a function of stellar mass M∗ for different
galaxy types. In the left panel the filled symbols correspond to the
infall corrected transformation rates and the empty points to the
“closed box” approximation. In the right panel only the closed box
approximation is shown. It is shown that the transformation rates in
groups is systematically higher than outside groups, particularly at
lower masses, and the morphological transformation rates in groups
is lower than transformations including star formation. (Taken from
Kovač et al. 2010a)
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typically 50% higher for color transformations than for morphological ones.
The obtained transformation timescales η−1

T,gr,corr are of order 1.8 Gyr for
color transformations and 2.5 Gyr for morphological transformation.

These findings are consistent with the scenario outlined in Peng et al.
(2010) for which environmental processes dominate the quenching of star
formation at lower masses and demonstrate that at least for smaller stellar
masses the group environment affects the evolution of galaxies in the sense of
“nurture”. These analyses, however, are purely phenomenological and have
not addressed the question after the involved physical processes responsible
for the observed transformations.

6.5 Conclusion

Kovač et al. (2010a) and Iovino et al. (2010) have studied the evolution of
the morphological and color distribution of galaxies, respectively, in different
environments and at different redshifts using the 10k zCOSMOS sample.
The chosen environments focus mainly on the differences between group
galaxies and non-group galaxies. They find strong evidence for a global,
stellar mass driven evolution of galaxies in all environments and increasing
“crossing masses” for increasing redshift (“downsizing”). On top of these
global trends there is clear evidence that at fixed time and fixed stellar
mass, the fractions of red and early type galaxies are systematically higher in
groups than outside groups, where the differences between the environments
decrease towards higher masses and higher redshifts.

A sophisticated, approximate analysis of these findings led to the con-
clusion that the transformation rates of late type, blue and star forming
galaxies are systematically higher in groups than outside of groups. The
differences are larger for lower stellar masses. Within groups the transfor-
mation rates involving star formation are generally higher than those involv-
ing morphological changes. These results have clearly demonstrated that,
whatever physical processes are involved in the observed transformations,
they are at least for lower masses more efficient in the group environment
and thus are a clear signature of group driven contribution (“nurture”) to
the total evolution of galaxies.
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Chapter 7
Correlation function analysis of the
groups

DM halos are biased tracers of the underlying matter field (see Sect. 1.4.3).
Moreover the bias is a monotonic function of mass — the higher the mass
the stronger the bias. So measuring the bias of a population of DM halos
provides information about their mass. Since there are reasonably precise
theoretic predictions for the correlation function of DM in the linear regime
ξlin and the natural bias b(M), we can basically measure the mass for a
population of groups by measuring their correlation function ξGG. Since
we have already estimates for the masses of our groups (see Sect. 4.3) we
can perform a consistency test for the relation between the estimated group
masses and the clustering of the corresponding groups. Finding an incon-
sistent result could either mean that the mass estimates are inaccurate or
even question the underlying cosmological theory.

Unfortunately, performing such a test is not as simple as that. First of
all, we need a catalog of halos and their masses. Since DM halos can hardly
be observed directly and so both the catalog and the mass estimates will
hardly be perfect. In our case, the halo catalog will be the 20k group catalog
and the mass estimates will be the fudge mass, since this is probably the
best proxy for mass that we have for these groups. Second, we need not
only a halo catalog, but we need also a precise selection function for these
halos. In our case such a selection function could be obtained empirically
by the mocks, but would be rather complicated. We preferred to bypass
this problem by not measuring the group correlation ξGG function, but
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the galaxy-group cross-correlation function ξGg. In this case we need only
the selection function of our galaxy sample which we know already (see
Sect. 2.2). Third, being in redshift space, i.e. having only information about
the positions of galaxies in terms of α, δ, and z, we are affected by the
peculiar velocities of the galaxies distorting the positions of galaxies along
the line of sight (fingers-of-god-effect, Kaiser-effect). This problem is usually
dealt with by projecting the correlation function along the line of sight.
Fourth, we can only measure correlations on scales which are much smaller
than the size of the survey. Since the central area of the zCOSMOS survey
where most of the groups are has a diameter of ∼1 deg, the transverse size
of the survey is only about 40 Mpc even at redshift of 0.7. This strongly
constrains the range of the linear regime we aim to probe.

The group-galaxy cross-correlation function was first measured by Seldner
& Peebles (1977) for Abell clusters. In the last decade, it was measured in
the local universe for 2dfGRS and SDSS group-galaxy samples (Yang et al.
2005; Berlind et al. 2006; Mountrichas & Shanks 2007; Wang et al. 2008)
and for DEEP2 at higher redshift (Coil et al. 2006). In this chapter, I
will perform a group-galaxy cross-correlation function analysis in order to
measure the bias of several halo mass selected samples. In section 7.1 I
give a brief review of the halo model, in section 7.2 I define the galaxy and
group samples used for the analysis, and in section 7.3 I describe the method
of the correlation function estimation. The resulting correlation functions
are then discussed in section 7.4 and the corresponding bias in section 7.5.
Section 7.6 finally summarizes my findings.

7.1 The Halo model

An intriguingly simply approach to understand the correlation functions of
galaxies and groups is in terms of the “halo model” (Peacock & Smith 2000;
Seljak 2000). It provides an analytic way to relate these correlation functions
for the linear and nonlinear regime to that of the dark matter density field.
Its basic assumptions are as follows1: First, all galaxies reside inside DM
halos following a certain spherical symmetric density profile, where there is
always a galaxy at the center of the halo. Second, the distribution p(N |M)
of the number of galaxies in halos of mass M depends for a given galaxy
sample only on the mass M of the halo. The distribution p(N |M) is called

1See for instance Cooray & Sheth 2002 Ch. 4 and 5 for a classical review of the halo
model from a theoretical point of view or Miyaji et al. 2011 for a more recent review
of the formalism.
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“halo occupation distribution” (HOD) and is the main ingredient for the
halo model making understandable why different galaxy samples cluster
differently.2 Typical further assumptions are that the galaxy density profile
within halos follows that of the DM or that central and satellite galaxies
within halos constitute different galaxy populations.

All of these assumptions are reasonable to some extent or are warranted
by observations (e.g. Cooray & Sheth 2002), but they show also the limi-
tations of the halo model. The assumption, for instance, that the spherical
distribution of galaxies within halos depends only on the mass of the halo
is certainly an approximation only, since it is well known that even the DM
profile of a halo of a certain mass varies from halo to halo within some range.
Or if one considers a magnitude limited sample the HOD for halos of a cer-
tain mass will vary as a function of redshift. In either case the adopted HOD
would be an “effective HOD” averaged over many halos. For our analysis in
this chapter we will only need the assumption that the (effective) HOD is a
meaningful quantity since it determines the correlation function for galaxies
in the linear regime. All other assumptions will not affect our result. This
is why we will keep in the following the halo model as simple as possible.

Bearing the caveats of the previous paragraph in mind, we can now de-
velop the formalism of the halo model. Suppose we have two samples of
galaxies g and g′, respectively, with no intersections between the samples.
The cross-correlation function ξgg′(r) between these two samples is defined
in terms of their number density ng and ng′ , respectively, as follows

ξgg′(r) = 〈δg(x)δg′(x
′)〉 =

〈ng(x)ng′(x
′)〉

n̄gn̄g′
− 1 (7.1)

with r = |x′−x|, and n̄i, i ∈ {g, g′}, the mean number densities, and δi(x) =
(ni − n̄i)/n̄i their overdensities. The brackets 〈.〉 denote the expectation
value over an ensemble of density fields. In practice this expectation value
is equalized to a volume average.3 The reason that ξgg′(r) depends only on

2Alternatively to the HOD some authors use the conditional luminosity function (CLF)
Φ(L|M)dL instead being the average number of galaxies with luminosity L residing
in halos of mass M . The two approaches are equivalent to each other if the galaxy
sample under consideration is selected by luminosity (see short discussion in Skibba
& Sheth 2009 Sect. 1).

3The main reason for this practice is that there is no other choice since we have only
one universe. In mathematical terms, one has to postulate some sort of “ergodicity”
or “fair sample hypothesis” for the underlying overdensity field (see e.g. Watts &
Coles 2003, Sect. 4.3). zCOSMOS is certainly too small to constitute a “fair sample”
resulting in “sample variance” (or sometimes also called “cosmic variance”).
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the the separation r = |x2 − x1| of the two points x2 and x1 in space is
a direct consequence of the basic cosmological assumption of homogeneity
and isotropy (see Sect. 1.4.1). For the second equality in Eq. (7.1) we have
therefore used 〈δi〉 = 0, i ∈ {g, g′}, by definition. The correlation function is
a measure of the excess of gg′-pairs at separations r compared to their mean
number densities. From this definition and the assumption that all galaxies
reside within DM halos, it follows immediately that the the cross-correlation
function divides into two terms, i.e.

ξgg′(r) = ξ
(h1)
gg′ (r) + ξ

(h2)
gg′ (r) , (7.2)

where the “one-halo term” ξ
(h1)
gg′ contains the contribution from galaxy pairs

within the same halo and the “two-halo term” ξ
(h2)
gg′ from pairs within differ-

ent halos. Approximate expressions for these two terms also follow straight-
forward from the basic assumptions.

For the one-halo term, we get

ξ
(h1)
gg′ (r) '

∫
n̄h(M)

〈NgNg′ |M〉
n̄gn̄g′

∫
ug(|r′|,M)ug′(|r′−r|,M)dr′

3
dM, (7.3)

where n̄h(M) is the mass function of halos of massM , ug(r,M) and ug′(r,M)
are the normalized mean radial profiles within halos of mass M , and
〈NgNg′ |M〉 is the mean number of pairs determined by the HODs of g
and g′. It is common practice to set ug ' ug′ ' uh with uh(r,M) the nor-
malized DM density profile of the halos of mass M . In Eq. (7.3) we have not
accounted for the assumption that there is always a galaxy at the center
of the halo. An analytic approximation to deal with this complication is
given in Cooray & Sheth (2002), where the integral over the convolution
of the density profiles reduces to ug if 〈NgNg′ |M〉 . 1. Since the depen-

dence of ξ
(h1)
gg′ on r comes only from the density profiles it is clear that it

contributes only to scales comparable to the extension of the halos being
. 1 Mpc. On larger scales it can be neglected. Since convolutions become
simple multiplications in Fourier space, the one-halo term becomes much
simpler if it is expressed as a power spectrum being the Fourier transform
of the correlation function. This is why the formalism is usually developed
in terms of power spectra.

The two-halo-term can be approximated by

ξ
(h2)
gg′ (r) ' bg bg′ ξlin(r) , (7.4)
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where we have introduced the linear bias bg and bg′ for the two galaxy
species, respectively, being defined as

bg =

∫
n̄h(M)bh(M)

〈Ng|M〉
n̄g

dM , bg′ =

∫
n̄h(M)bh(M)

〈Ng′ |M〉
n̄g′

dM

(7.5)
with 〈Ni|M〉, i = {g, g′}, the mean numbers of galaxies in halos of mass M
determined by the HODs. In Eq. (7.4) we have neglected the extensions of
the halos and just placed all galaxies at the centers of the halos.

The example of two galaxy samples g and g′ constitutes the most general
case an can be simply reduced for the auto-correlation function of galaxies
ξgg and the halo-galaxy cross-correlation function ξhg which will be needed
for our zCOSMOS correlation function analysis:

• For the auto-correlation function ξgg of the species g the one- and
two-halo terms reduce to

ξ(h1)
gg (r) '

∫
n̄h(M)

〈Ng(Ng − 1)|M〉
n̄2

g

×
∫
ug(|r′|,M)ug(|r′ − r|,M) dr′

3
dM (7.6)

and

ξ(h2)
gg (r) ' b2g ξlin(r) , bg =

∫
n̄h(M)bh(M)

〈Ng|M〉
n̄g

dM . (7.7)

Note that the modification in the one-halo term 〈Ng

(
Ng′ − 1

)
〉 is due

two the fact that the autocorrelation function is a cross-correlation
between two samples with intersecting points.

• For the cross-correlation between the galaxy species g and halos h in
the range Mmin < M < Mmax, the one- and two-halo terms become

ξ
(h1)
gh (r) '

∫Mmax

Mmin
n̄h(M)

〈Ng|M〉
n̄g

ug(r,M) dM∫Mmax

Mmin
n̄h(M) dM

, ξ
(h2)
gh (r) ' bgbh′ξlin(r)

(7.8)
with

bg =

∫
n̄h(M)bh(M)

〈Ng|M〉
n̄g

dM , bh =

∫Mmax

Mmin
n̄h(M)bh(M) dM∫Mmax

Mmin
n̄h(M) dM

.

(7.9)
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Table 7.1. Group samples

Mass bins [12, 12.5] [12.5, 13] [13, 13.5] ≥13.5

0.2 ≤ z ≤ 0.5 48 88 55 8
0.5 ≤ z ≤ 0.8 − 52 62 25

Note. — The masses are in units of log(M/M�)

So we find the neat result that in the linear regime, any correlation func-
tion is proportional to ξlin with a constant bias. This is, however, only true
for the linear regime, where the one-halo term is negligible. As soon as the
one-halo term becomes important, we enter the nonlinear regime and the
bias becomes scale dependent (Seljak 2000; Cooray & Sheth 2002).

The halo model is well established today and is very successful in explain-
ing the correlation functions of both linear and nonlinear part of different
galaxy samples. This was demonstrated, for instance, by a nicely empirical
consistence test using the 2dfGRS and the associated 2PIGG group catalog
(Collister & Lahav 2005).

7.2 Selected sample

To have a high quality sample of groups we adopt the zCOSMOS 20k GRP2

group catalog restricted to groups with N ≥ 3 since for these groups the
completeness and purity are relative constant (see Fig. 3.9 and Tab. 3.5).
Additionally, I restrict the area of investigation to the central region of the
20k catalog to be not affected by border effects. I then define to redshift bins,
one at high redshift 0.5 ≤ z ≤ 0.8 and one at low redshift 0.2 ≤ z ≤ 0.5. For
each of these bins I divide the group sample into bins of fudge mass Mfudge

of 0.5 dex. The resulting group sample is summarized in table 7.1.

For a cross-correlation analysis, we also need a galaxy samples for which
we can measure the correlations around groups. We restrict these samples
to the same area and redshift range like the groups. As further selection cri-
teria we can either choose magnitude limited samples or MB-volume limited
samples. Since the bias of the groups should not depend on corresponding



7.3 Estimation method 133

Table 7.2. Galaxy samples

mag lim vol lim

selection number selection number

0.2 ≤ z ≤ 0.5 IAB ≤ 22.5 4685 MB(z) = −19− z 3078
0.5 ≤ z ≤ 0.8 IAB ≤ 22.5 4420 MB(z) = −20− z 2958

choice of selection we perform the analysis with both of them an compare
the results. The galaxy samples are summarized in table 7.2. The redshift
dependence of the absolute magnitude limit is to account roughly for the
brightening of the galaxy population with redshift.

Note that the volume of the high redshift bin is larger than that of the
low redshift bin resulting in more massive groups. Also the transverse scale
of the high redshift bin is larger. At z = 0.5 the transverse scale along of
the shorter side of the central region is about 28 Mpc, while on redshift
z = 0.2 it is only about 12 Mpc. These define the largest transverse scales
for which we can hope to reliably measure the correlation function.

7.3 Estimation method

The fact that the correlation function depends only on the separation r =
|x2 − x1| of two points x2 and x1 in space, this does not guarantee that it
does not appear inhomogeneous when measured in redshift space. Actually,
in redshift space the correlation function becomes inhomogeneous because
of the the peculiar velocities of the galaxies. Since the resulting distortion
of galaxy positions occurs only along the line of sight, but not perpendicular
to it, the observed correlation function remains at least isotropic.

The standard way to deal with these issue is to measure the correlation
function along and perpendicular to the line of sight and then to project it
along the line of sight. The result is the “projected correlation function”

w(rp) =

∫ ∞
−∞

ξ(|s‖|, |s⊥|) ds‖ = 2

∫ ∞
0

ξ(π, rp) dπ , (7.10)

where we set π ≡ |s‖| and rp ≡ |s⊥| for the decomposition s = s‖+ s⊥ of a
redshift-space vector s into its components along and perpendicular to the
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line of sight, respectively. wp(rp) should be independent of the details of
the redshift space distortions.4

According to the basic definition (7.1) measuring the correlation function
ξ(s) for a given vector s in redshift space means to measure its excess density
for galaxy pairs separated by s. In practice5, being given a galaxy sample g,
this is performed by counting pairs of galaxies with certain separations and
comparing the number of such pairs to the corresponding number of pairs
of an uncorrelated random catalog (“randoms”). This catalog of randoms
should be much larger than the catalog of galaxies and must be subject to
exactly the same observational mask function like the galaxies. Common
estimators for the galaxy auto-correlation function are6

E1 : ξgg(π, rp) =
Ngg(π, rp)

Nrr(π, rp)
· n̄

2
r

n̄2
g

− 1 , (7.11)

E2 : ξgg(π, rp) =
Ngg(π, rp)

Ngr(π, rp)
· 2n̄r

n̄g
− 1 , (7.12)

E3 : ξgg(π, rp) =
Ngg(π, rp)Nrr(π, rp)

N2
gr(π, rp)

· 4− 1 , (7.13)

E4 : ξgg(π, rp) =
Ngg(π, rp)n̄−2

g +Nrr(π, rp)n̄−2
r −Ngr(π, rp)n̄−1

g n̄−1
r

Nrr(π, rp)n̄−2
r

,

(7.14)

where Ngg(π, rp) is the number of galaxy-galaxy pairs (gg), Nrr(π, rp) the
number of random-random pairs (rr), and Ngr(π, rp) the number of galaxy-
random pairs (gr) each time with separations in the range [π, π + dπ] and
[rp, rp + drp]. Note that only distinct pairs are counted. The factor of 2
appearing in the normalization comes from the fact that for a sample with
Ng galaxies and Nr there are N2

g /2 distinct gg-pairs (excluding self-pairs)
and similar for the rr-pairs, but NgNr of gr-pairs. So the number of gr-pairs
has to be divided by 2 for proper normalization. The estimators E3 and
E4 are superior compared to the other two estimators. We have applied
all estimators for the galaxy auto-correlation function and could not find

4Note I will call either ξgg, ξGg, w just “correlation function” if it is clear from the
context which one I am referring to.

5Here we refer, for instance, to the textbook of (Peacock 1999, Sect. 16.7).
6The estimator E1 follows directly from the definition of the correlation function. The

corresponding theory for astronomical applications was developed by Peebles (1973).
The estimator E2 is from Davis & Peebles (1983), E3 from Hamilton (1993), and the
estimator E4 from Landy & Szalay (1993).
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substantial differences. In the following we will discuss only the results for
estimator E4.

For the cross-correlation estimation we can easily generalize the estima-
tors for the auto-correlation function Eqs. (7.11)-(7.14). However, the es-
timators E1, E3, and E4 contain a term Nrr which would require us to
produce also a random catalog for the groups. Since the mask-function for
the groups is expected to be more complicated than for the galaxies (e.g. de-
pending on richness), we decided to avoid producing a random catalog for
the groups. This is why we adopt the estimator E2 being (e.g. Yang et al.
2005; Wang et al. 2008)

ξGg(π, rp) =
NGg(π, rp)

NGr(π, rp)
· n̄r

n̄g
− 1 , (7.15)

where NGg are the number of group-galaxy pairs (Gg) and NGr the group-
random pairs (Gr).

For a correlation function estimation the creation of the randoms r is
crucial since not accounting for any kind of selection effect could introduce
spurious effects for the measured correlations. I have simulated the randoms
in den same way like the mocks were created (see Sect. 2.3). Regarding
the distribution in (α, δ), I restricted the randoms to the central area and
distributed them randomly according to the sampling rate of the 20k galaxy
sample. The resolution of the used map is 1.5 arcmin (Fig. 2.3), so the scales
affected by this resolution are r ' 2 even at the largest distances considered.
The radial distribution of the randoms is the product of the mean dN̄g/dz(z)
and redshift success rate fRSR(z). In the case of the magnitude limited
sample we estimated dN̄g/dz(z) from the parent photometric IAB ≤ 22.5
limited sample using a Vmax like method and for the volume limited case
we took dN̄g/dz(z) ∝ dV/dz(z) with V (z) the volume of the survey up
to redshift z. Thus for the volume limited sample we assumed that the
evolution of the galaxy population beyond that accounted for by the redshift
dependent absolute magnitude cut (see Tab. 7.1) can be neglected.

For each pair of points (i.e. gg, gr, rr, Gg, Gr) we estimated the rela-
tive separation by π = |d1 − d2| and rp = (d1 + d2) tan(θ/2) , where d1

and d2 are the comoving distances to the points and θ their relative angle
projected on the sky (Davis & Peebles 1983). The binning for ξgg (and
similarly for ξGg) was taken to be logarithmic in both coordinates and the
projected correlation functions wgg was estimated by approximating the in-
tegration along π by a sum over 14 logarithmic bins ranging from 0.1 Mpc
to 27 Mpc. This is the same integration limit that has been applied by
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de la Torre et al. (2010) and it will be justified later by the mocks. By
comparing the correlation functions to the model function, we have consid-
ered the limited range of integration. We also checked that our result is
insensitive of the applied way of binning and integrating the data.

7.4 The correlation functions

The measured correlation functions are shown in the figures 7.1-7.5. I have
estimated the correlation functions for the magnitude and volume limited
samples in both redshift bins for the zCOSMOS 20k sample and for each of
the 24 mocks. The availability of mocks is very useful for different reasons.
First of all, they allow us to test the codes, second, we can explore the ranges
of applicability, and third, they allow a comparison between simulated and
real data.

7.4.1 Discussion with the mocks

The gg correlation functions for the mocks are shown in figure 7.1. The
black solid line is the mean of the 24 mock correlation functions, where the
error bars exhibit the standard deviation of the 24 mocks. The dashed black
line is the model linear correlation function with adjusted normalization. It
is obvious that for scales &4 Mpc we enter the linear regime and the mean
of the estimated correlation functions follow very well the linear model. The
horizontal dashed line marks the minimal transverse box size of the survey
for the corresponding redshift bin. This is the scale where we expect our
estimation to fail since we cannot measure density fluctuations on scales
comparable to the extension of the survey. This is why beyond this line
the error bars blow up and the different curves start to diverge from each
other. This effect is even more pronounced for the Gg correlation functions
(Figs. 7.2 and 7.3).

The figures 7.2 and 7.3 show the mock Gg correlation functions for the
high and the low redshift bin, respectively. All investigated group samples
in this figure are subsamples of the GRP2 mock catalog with N ≥ 3 and
shown is each time the mean over the 24 corresponding mock correlation
functions. These figures illustrate how the estimated correlation functions
depend on the selection of groups. The behaviour of the different lines in
both redshift bins are qualitatively similar, but the estimates are more noisy
at low redshift due to the smaller data samples and smaller survey volume.
The main trends at both redshifts can be summarized as follows:
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Figure 7.1 Auto-correlation function for the magnitude limited
galaxy samples for the two redshift bins. The red line shows the
20k data and the black solid line the mean of the 24 mock correlation
functions, where the error bars exhibit their standard deviation. The
dashed black line shows the linear correlation function model with
adjusted normalization. For comparison the correlation function for
a particular mock is also shown (green line). The vertical dashed line
marks the smallest transverse box size for the corresponding redshift
bin.
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Figure 7.2 Group-galaxy cross-correlation functions for several mock
group samples at 0.5 ≤ z ≤ 0.8. The different panels are for different
mass bins as indicated by the labels in units of log(M/M�). Each
curve (except dashed-dotted) corresponds to the mean of the 24 mock
correlation functions for a certain group sample. All group samples
are subsamples of the GRP2 sample with N ≥ 3. The black line
exhibits real groups (i.e. real masses and centers), the dashed line
the reconstructed groups (i.e. fudge mass and estimated centers) with
2WM to real groups, the red solid line all reconstructed groups, and
the dotted line the spurious groups. The dashed-dotted line shows
the linear correlation function model with adjusted normalization and
the vertical dashed line marks the smallest transverse box size for the
corresponding redshift bin.
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Figure 7.3 Group-galaxy cross-correlation function for several mock
group samples at 0.2 ≤ z ≤ 0.5. The different panels are for different
mass bins as indicated by the labels in units of log(M/M�). The lines
have the same meaning like in figure 7.2.



140 7 Correlation function analysis of the groups

The black solid line is the correlation functions for the real groups (i.e. real
group positions and real halo masses) within the corresponding mass bin
and constitutes an ideal group sample. Like for the gg-correlation functions
we observe a fair agreement to the slope of the linear correlation function
(dotted-dashed line) for scales &4 Mpc. In contrast to the solid black line,
the dashed black line exhibits the correlation functions for the reconstructed
groups (i.e. estimated group centers and fudge masses) exhibiting a 2WM
to real groups. That is the difference between these group samples is that
the former is selected by real mass and the latter by fudge mass. The
adopted positions for the reconstructed groups are the simple centroids of
the spectroscopic group galaxies and we expect the choice of the group
centers to affect only scales smaller than the extent of DM halos (i.e. . 1
Mpc). For the larger scales the difference between the two curves is due to
the different mass selection. Then the red solid line shows the correlation
functions for all reconstructed groups within the corresponding (fudge) mass
range. Only these lines can finally be compared to the real data. They are
typically about 20% higher than the real group correlation function (black
solid line). Since the dashed line is rather close to the black solid line, the
main contribution to this rise must come from those groups which to not
exhibit a 2WM to real groups (i.e. fragmented, over-merged and spurious
groups). In fact, for instance the correlation function for the spurious groups
(dotted lines) is typically much higher than the other correlation functions
suggesting that these “groups” are mainly “produced” by the groupfinder in
very high density environments which spuriously increases the correlation
of galaxies around these “groups”.

It is worth noting that the nonlinear regime is much more pronounced for
the correlation functions of high-mass groups. Groups more massive than
1013.5M� at high redshift and even for masses larger than 1013M� at lower
redshift show a nice power law behaviour down to the smallest scales.

7.4.2 zCOSMOS correlation functions

The gg-correlation functions for the real data are shown in figure 7.1 (red
lines). For both redshift bins they follow a nice power law, however their
slopes are shallower thane those of the mocks. This was already noted
by de la Torre et al. (2009) for the 10k zCOSMOS sample in the redshift
0.6 ≤ z ≤ 1.0. They suggested that the change in slope is caused by the
10% of galaxies residing in the most dense environments (de la Torre et al.
2010) and they were able to reproduce the same slope and amplitode for
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the magnitude limited correlation function like for the mocks by omitting
this 10% high density environment galaxies.

I will follow here a different route and discuss the question whether, in
respect to the spatial correlations of galaxies, the real 20k sample could
statistically be regarded as just another mock realization. The green line
in figure 7.1 corresponds to a single mock7 whose correlation function is
relatively close to that of the real data. Although both green lines are not
typical for the mocks (there exist roughly one or two like this per redshift bin
in all 24 mocks) they show that the amplitude of the real data correlation
function in the high redshift bin as well as the slope in both redshift bins
could be due to cosmic variance with a probability of 5-10% corresponding
to a 2σ-effect.

The Gg real data correlation functions are shown for each mass bin in the
figures 7.4 and 7.5. The error bars correspond to the standard deviation
of the 24 mocks.8 Most of the Gg-correlation functions follow nicely the
linear correlation function model wlin (dashed line, see next section) in the
linear regime (filled points). For comparison also the mean Gg-correlation
functions for all reconstructed mock groups are shown (black solid line).

7.5 Bias estimation

In order to estimate the linear group bias bG we need a model correla-
tion function in respect to which we can measure the amplitudes of the
gg- and Gg-correlation functions. The linear projected correlation function
model wlin is obtained by Fourier transforming the linear power spectrum
Eq. (1.21) which is theoretically well understood and for which there ex-
ist precise fitting formulas in terms of the transfer function T (k) and the
growth function D(z). The fitting formula for the transfer function was
taken from Eisenstein & Hu (1999) and the approximation for the growth
function from Lahav & Suto (2004). The linear correlation function xilin is
then computed by the Fourier transformation

ξlin(r, z) =
1

(2π)3

∫
P(k, z)eikr dk3 =

1

2π2

∫ ∞
0

k2P(k, z)
sin(kr)

kr
dk (7.16)

7The green line in the high and low redshift does not correspond to the same mock.
8Note that the error bars of different data points are not independent, but exhibit

correlations.
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Figure 7.4 Group-galaxy cross-correlation functions for the 20k sam-
ple (red points) at 0.5 ≤ z ≤ 0.8. The different panels correspond to
different mass bins as indicated by the labels in units of log(M/M�)
(except the upper left panel showing the galaxy auto-correlation func-
tion for comparison). The filled points exhibit the linear regime and
were used for the estimation of the bias. The dashed curve is the linear
model wlin with fitted amplitude and the solid black curve the mean
of the 24 mock cross-correlation functions (i.e. red lines in Fig. 7.2).
The vertical dashed line marks the smallest transverse box size for
the corresponding redshift bin.
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Figure 7.5 Group-galaxy cross-correlation functions for the 20k sam-
ple at 0.2 ≤ z ≤ 0.5. The filled points exhibit the linear regime and
were used for the estimation of the bias. The dashed curve is the linear
model wlin with fitted amplitude and the solid black curve the mean
of the 24 mock cross-correlation functions (i.e. red lines in Fig. 7.3).
The vertical dashed line marks the smallest transverse box size for
the corresponding redshift bin.
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and the corresponding projected correlation function by integration along
π

wlin(rp, z) = 2

∫ πmax

πmin

ξlin

(√
π2 + r2

p , z
)
dπ , (7.17)

where the integration limits were chosen to be the same like for the es-
timated correlation functions, i.e. πmin = 0.1 Mpc and πmax = 27 Mpc.
Since integration is a linear transformation, the redshift dependence of the
projected correlation function is simply wlin(rp, z) = D2(z)wlin(rp, 0). The
precision of the fitting formula from Eisenstein & Hu (1999) is . 3% for
our cosmology and so the precision of our model correlation function wlin is
much smaller than the errorbars of the observation.

Having computed the correlation functions wgg and wGg and having the
theoretical model wlin we can estimate the bias for the groups by first com-
puting bg from Eq. (7.6) and then bG using Eq. (7.8). This is done by
performing a least square fit of the theoretical linear projected correlation
function wlin(rp, zeff) to the data points in the linear regime, where zeff is
the pair-weighted effective redshift of the corresponding redshift bin. The
linear regime is marked by the filled points in the Figs. 7.4 and 7.5. Since for
the magnitude as well as for the volume limited samples, bg is eliminated,
the resulting bG should be totally independent of the choice of sample.

The resulting group bias for fudge mass selected samples of reconstructed
mock groups with a 2WM match to real groups is shown in figure 7.6. Since
we know the real halo masses for all of these groups, we can test our method
for the estimation of bG. The “true” bias that is measured by means of the
correlation function should correspond to the effective bias (see Eq. 7.9)

beff =

∑
i b(Mi)Npairs,i∑

iNpairs,i
, (7.18)

where the sum runs over the index i of all groups in a mass bin. Here
b(M) is the linear bias taken from Tinker et al. (2010) and Npairs,i is the
number of Gg-pairs associated with group i. I weight the linear bias of
the single groups in Eq. (7.18) by the number of pairs to account for the
fact that the number of groups and galaxies varies with redshift and the
correlation function is measured by counting pairs. From figure 7.6 it is clear
that for the mocks we obtain fairly consistent results. The black squares
exhibit estimated 1σ-areas for the mean of the 24 mocks in each mass bin.
They take into consideration the scatter of bG from the 24 mock correlation
functions and also the scatter of beff . For the volume limited sample bG
slightly underestimates the real effective bias by about 1σ. However, the
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results from the magnitude and volume limited samples are in fair agreement
within the error bars. This reassures the reliability of our method.

The resulting masses Mest of the estimated bG are shown in figure 7.7
as a function of the median fudge masses of the corresponding bins. The
red points correspond to the real 20k groups, while the black points show
for each bin the resulting masses for the 24 mocks using all reconstructed
groups. Taking into account the scatter among the 24 mocks, the estimated
masses are consistent with median fudge masses for each mass bin at high
and at low redshift. Moreover, it seems that also in respect of the bias
the real data could be statistically regarded as another mock. However,
particularly at high redshift, the measured wGg correlation function for the
20k sample is very high.9 We already found the gg-correlation function
to be exceptionally high in the high redshift bin. This is due to the huge
structure at z ∼ 0.7 (see Fig. 2.4). At lower redshift there is a larger scatter
of the measured masses due to the small sample and box sizes. The result
is, however, still consistent with the mocks. Moreover, the results from
the magnitude and volume limited galaxy samples are relatively similar
demonstrating the robustness of the result.

The estimated masses for the mocks are typically higher than the me-
dian fudge masses. There are two reasons for this. First of all, the Gg-
correlation function for all reconstructed groups is typically about 10-20%
higher than the corresponding correlation functions for reconstructed groups
having 2WM to real groups. Second, already the median of the real masses
of reconstructed groups with 2WM to real groups is slightly higher for groups
.1013 M� (see Fig. 4.5).

7.6 Conclusion

I have performed a cross-correlation analysis of a high quality group sample
for different mass bins at high and at low redshift. The aim was to perform
a consistency test between the clustering strength of groups and their es-
timated fudge masses. In order to compute bG we also need to know the
galaxy bias bg. So I estimated both the gg- and Gg-correlation functions for
all mass bins at low and high redshift. To test the robustness of this method,

9For the highest mass bin at high redshift, the bias bG is far higher than any bias in
the mocks. This is slightly weakened in figure 7.7 since the function b(M) sharply
increases for M ∼ 1014.5 so that any bias above a critical bcr yields basically the same
mass. The strong nonlinearity between b(M) was also the reason why I did not plot
any mean quantity with error bars since this would probably be misleading.
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I computed all these correlation function for magnitude and volume limited
galaxy samples.

The mocks are a valuable tool to understand the systematics of the meth-
ods and samples. Comparing the Gg-correlation functions for real mock
groups with all reconstructed mock groups shows that the latter are typi-
cally ∼20% higher than the former due to over-merged and spurious groups.
The comaprison of the estimated bias bG and the real effective bias beff ex-
hibits rough agreement, although the bias from the volume limited samples
slightly underestimates the true bias. The results from the volume and
magnitude limited samples are, however, consistent with each other.

The resulting gg- as well as Gg-correlation functions for the real 20k group
samples follow, as expected, approximate power laws in the linear regime
which reassures that the estimated biases are meaningful quantities. At
high redshift the amplitude of the galaxy auto-correlation function is rather
high compared with the mocks and at high as well as at low redshift its
slope unusually shallow. We checked, however, that there are single mocks
among our ensemble of 24 mocks which exhibit similar correlation functions
amplitudes and slopes. This shows that the differences between data and
mock could be simply due to cosmic variance.

The bias obtained from the 20k groups yields masses that are consistent
with the fudge masses within the error bars obtained from the mocks. At
high masses the measured bias was rather high (for the largest mass bin
even higher than in any mock). This can be attributed to the extremely
large structure present in the COSMOS field at z ∼ 0.7. At low redshift, the
result is noisier due to the small survey volume and thus the small window
of the linear regime. In total, we observe a fair agreement between the fudge
mass and the expected clustering of the corresponding groups, though the
estimated masses for the mock slightly overestimate the fudge masses for
reasons we have discussed. The overall agreement between the volume and
magnitude limited samples demonstrates the robustness of the estimated
masses.
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Chapter 8
Conclusion and Outlook

In this last section, I will summarize my overall findings and give a brief
outlook for further investigations.

Conclusion

The aim of this thesis was to make a significant contribution to the sys-
tematic detection and investigation of galaxy groups over a large range of
redshift. The basis of this project is the observation of about 20,000 optical
galaxy spectra (of which I reduced about 1/8) resulting in about 17,000
secure redshifts which could be used to detect groups.

A significant fraction of my thesis was spent for the development of ap-
propriate group-finding methods in order to produce high quality group
catalogs. Using sophisticated simulated mock galaxy samples, I studied
the performance of the Friends-of-Friends (FOF) and the Voronoi-Delaunay
Method (VDM) being the standard group detection algorithms. I found
that none of the two algorithms is far superior over the other, but the FOF
method yields slightly smoother group catalog statistics as a function of
richness.

However it results in too many detected small groups. This is why I
generalized the FOF and VDM algorithms to a multi-run scheme. That
is I progressively optimized the group-finding parameters for smaller and
smaller groups as the catalog is generated from the richest groups down to
the poorest. This improves the fidelity of the resulting catalogs, in terms of
completeness and purity, over a broad range of richnesses N so that the final
catalog, both in terms of the groups and of individual members, compares
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favorably with recent results in the literature. Combining the resulting FOF
and VDM multi-run catalogs also allows the definition several sub-catalogs
with further improved purity.

For the 10k sample, the zCOSMOS group catalog contains about 800
groups and the catalog for the 20k sample about 1500 making it the largest
existing group sample for the redshift range 0.1 . z . 1. I then investi-
gated the estimation of group properties such as dynamical mass and veloc-
ity dispersion. Unfortunately, particularly for small groups estimating this
properties is very subtle so that we introduced so called “fudge quantities”
by taking the group richness as a proxy for these quantities and calibrated
them using the mocks. Comparing the number of zCOSMOS groups with
the mocks yields fair agreement except for very small and very large groups.
While there are too many small groups in the zCOSMOS group catalogs,
we are severely lacking groups with more than 20 members compared with
the mocks. Also the fraction of galaxies in groups seems to be to small in
the mocks for z & 0.6. By comparing our group catalogs to the local 2df
galaxy redshift survey I could demonstrate the buildup of the cosmic group
structure over the last seven billion years.

Since the zCOSMOS sampling rate even for the 20k data is far from
being complete our group population is incomplete. This is why I devel-
oped a method for incorporating galaxies into the groups for which only
photometric information is available. Using again the mocks I defined for
each photometric galaxy a probability p to be associated to a certain group.
This completes our group population in a probabilistic manner and opens
the door for new investigations. As two direct applications, I defined for
each galaxy a probability pM to be the most massive in a certain group,
and I demonstrated how the use of photometric information can improve
the estimation of group centers.

One of the main science goals of the zCOSMOS collaboration was the
investigation of galaxy evolution in different cosmic environments. These
studies were nod led by myself, but in close collaboration with me and are
heavily based on my group catalog. We found strong evidence for a global,
stellar mass driven evolution of galaxies in all environments and increasing
“crossing masses” for increasing redshift (“downsizing”). On top of these
global trends there is clear evidence that at fixed time and fixed stellar
mass, the fractions of red and early type galaxies are systematically higher
in groups than outside groups. We concluded that the transformation rates
of late type, blue and star forming galaxies are systematically higher in
groups than outside of groups. The differences are larger for lower stellar
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masses. Within groups the transformation rates involving star formation
are generally higher than those involving morphological changes.

Finally, I performed a correlation function analysis with my 20k group
sample to explore the relation between clustering and estimated group mass.
At high redshift the galaxy auto-correlation function as well as the group-
galaxy cross-correlation functions are very high because of a large structure
at z ∼ 0.7 in the COSMOS field. However, there are also single mocks ex-
hibiting similar correlation strengths so that the high values for the zCOS-
MOS sample can be understood in terms of cosmic variance. In total, the
measured masses from the correlation function analysis are consistent within
the error bars with the mock calibrated fudge masses.

Outlook

Most of my work was devoted to the development of methods and basic
characterization of high quality group catalogs. Regarding the science ex-
ploit of my group catalogs, particularly the 20k one, the harvest has still to
be gathered to a large extent.

The 10k catalog was already used for a couple of studies. For instance,
Kovač et al. (2010b) investigated the role of groups for the galaxy density
field. Iovino et al. (2010) and Kovač et al. (2010a) investigated the galaxy
evolution in groups in respect to color and morphology, respectively (see
Ch. 6). The frequency of AGNs in groups was studied by Silverman et al.
(2009) and the group catalog was used for lensing analysis within COSMOS
(Anguita et al. 2009; Faure et al. 2010). For the 20k catalog, in respect
to its spectroscopic as well as photometric part, there are no results yet
published. However, there are countless projects to be undertaken fairly
straight away. The following is a short list of very interesting proposals:

• First of all, the magnitude complete group catalog enables the in-
vestigation of the differences between central and satellite galaxies in
groups. There are many reasons why we would expect these two popu-
lations to be different. While centrals, for instance, experience mergers
by the infalling galaxies due to dynamical friction, the satellites ex-
perience “harassment” by other group galaxies or “strangulation” as
they fall into the group potential (see Sect. 1.1). Skibba (2009) has
investigated the galaxy color for centrals and satellites in local groups
and found that at fixed luminosity or stellar mass central galaxies
tend to be bluer than satellites. As a further project, the colors (and
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other properties) of centrals and satellites could be investigated sys-
tematically at higher redshift using my 20k group catalog with its
photometric extension.

• Another very interesting project is the investigation of X-ray prop-
erties of galaxy groups. While in respect to the DM halos, groups
and clusters are fairly self-similar this does not have to be the case
for their baryonic properties such as temperature or X-ray activity.
In fact, small cluster do, for instance, not follow the expected X-ray-
temperature scaling laws as expected (e.g. Voit 2005). By stacking
many small groups it should be possible to measure their X-ray prop-
erties and further investigate these questions.

• So far the masses of zCOSMOS groups are calibrated by their richness
(“fudge mass”) and measured by a correlation function analysis. The
masses could be further compared to a weak lensing stacking analysis.
Appropriate shear maps already exist for the COSMOS field (Leau-
thaud et al. 2007) and stacking analyses have already been performed
for X-ray groups (Leauthaud et al. 2010).

• Having reliable dynamical mass of groups that are not adopted from
richness, one could systematically investigate how the mass to light
ratio of groups change with redshift. This could tell us something
about the efficiency of star formation in small groups.

• Finally, one could search for groups in the “zCOSMOS-deep” part.
Yet according to the mocks we cannot expect to detect many groups
at this high redshift, but we might be able to find evidence for “proto-
groups” at sites where two or three galaxies appear to be unusually
close.

Beyond this proposals there are many more projects that are worth to be
undertaken using my group catalog or the corresponding developed meth-
ods. My work was just the beginning of a major movement, a pioneer with
the aim of understanding better the evolution of galaxies and the large scale
structure at ever increasing redshift.
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10. zCOSMOS 10k-bright spectroscopic sample: exploring mass
and environment dependence in early-type galaxies
M. Moresco, L. Pozzetti, A. Cimatti et al., A&A 524, id.A67 (2010).

11. The bimodality of the 10k zCOSMOS-bright galaxies up to
z ∼ 1: a new statistical and portable classification based on
the global optical galaxy properties
G. Coppa, M. Mignoli, G. Zamorani et al., to be published on A&A.

12. Mass and Environment as Drivers of Galaxy Evolution in
SDSS and zCOSMOS and the Origin of the Schechter Func-
tion
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