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In dieser Arbeit wird die Entwi
klung der gro�skaligen Struktur im Universum ab einer

Rotvers
hiebung von z � 1:1 bis heute untersu
ht. Als Datensatz dienen � 4000 Galax-

ien aus vier Feldern des Calar Alto Deep Imaging Surveys (CADIS). Diese Galaxien haben

Helligkeiten von I � 23

mag

und Rotvers
hiebungsfehler von �

z

<

�

0:02. Zur Bestimmung der

Amplitude der dreidimensionalen Korrelationsfunktion �(r) dient die Deprojektion zweidi-

mensionaler Korrelationsfunktionen. Am Las Campanas Redshift Survey (LCRS) wird die

Verl�a�li
hkeit der Deprojektion der Winkel- bzw. projizierten Korrelationsfunktion getestet.

Beide, Winkel- sowie projizierte Korrelationsfunktion, werden in vers
hiedenen Rotvers
hieb-

ungsintervallen bere
hnet und mit dem lokalen Me�wert aus dem LCRS vergli
hen. Um den

direkten Verglei
h zwis
hen CADIS und LCRS zu erm�ogli
hen, mu� der Ein
u� der Rotver-

s
hiebungsungenauigkeit auf die projizierte Korrelationsfunktion ber�u
ksi
htigt werden. F�ur

die Entwi
klung der Struktur wird der Ansatz �(r


om

; z) / (1 + z)

q

verwendet. F�ur die

Gesamtheit aller Galaxien ergibt si
h ein Entwi
klungsparameter q � �1:9, entspre
hend der

Vorhersage dur
h lineare St�orungstheorie. Eine formal gefundene Abh�angigkeit vom kosmol-

ogis
hen Modell ist wohl auf die ungen�ugende Zahl der beoba
hteten Felder zur�u
kzuf�uhren.

Das gemessene Anwa
hsen der Struktur ist jedo
h eindeutig vom Hubbletyp abh�angig. F�ur

fr�uhe Galaxientypen ist die Struktur bereits bei z = 1 deutli
h st�arker ausgepr�agt, so da�

s
hon ein Anwa
hsen mit q ' �1 ausrei
ht, um die heutige Amplitude der Korrelationsfunk-

tion zu errei
hen.

The large s
ale stru
ture of the universe sin
e z � 1

In this thesis, the evolution of galaxy 
lustering from a redshift of z � 1 to the present epo
h

is investigated. The data used for this analysis were � 4000 galaxies in four �elds of the Calar

Alto Deep Imaging Survey (CADIS). The galaxies have luminosities brighter than I � 23

mag

,

and redshifts with an error of �

z

= 0:017. The amplitude of the three-dimensional 
orrelation

fun
tion is estimated by deproje
ting two-dimensional 
orrelation fun
tions. The reliability

of the deproje
tion methods of the angular and proje
ted 
orrelation fun
tion is tested on

the Las Campanas Redshift Survey (LCRS). Both angular and proje
ted 
orrelation fun
tion

are 
al
ulated for di�erent redshift bins, as lo
al measurement the LCRS data is used. To

fa
ilitate the dire
t 
omparison of the two surveys, the in
uen
e of the redshift errors on the

proje
ted 
orrelation fun
tion have to be taken into a

ount. For evolution of the 
lustering

strength the ansatz �(r


om

; z) / (1 + z)

q

is used. For the galaxies as a whole the evolution

parameter turns out to be q � �1:9, a

ording to the predi
tion of linear theory. A formal

dependen
y on the 
osmology is presumably due to the small number of �elds observed.

However, the measured 
lustering growth 
learly depends on Hubble type. At z � 1 early

type galaxies are already mu
h stronger 
lustered, an in
rease with q ' �1 is suÆ
ient to

explain the present day amplitude of the 
orrelation fun
tion.
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Chapter 1

Introdu
tion

The universe is stru
tured on all s
ales, from the mole
ular and 
rystal level to large 
lusters

and super
lusters of galaxies. Luminous matter is 
ondensed into stars and planets, the stars

are 
onstituents of galaxies, whi
h appear in a large variety of di�erent types. Lo
al galaxies

are highly 
lustered. They are organised into a network of sheets and �laments whi
h sur-

round large underdense regions, usually referred to as voids. At the present epo
h the universe

seems to satisfy the Cosmologi
al Prin
iple (homogeneity and isotropy of the universe) only

on the very largest s
ales.

Even before it be
ame 
lear that the so-
alled nebulae were extragala
ti
 obje
ts, it was

noti
ed by Hubble (1934) that their number found in di�erent �elds on the sky varies in

a non-Poissonian way { they are obviously not homogeneously distributed. Shapley, who

believed in the Gala
ti
 origin of those nebulae, thought of the non-uniformity of their distri-

bution as a remnant of the formation history of the Milky Way (Shapley, 1933).

First systemati
 analyses of the distribution of galaxies and 
lusters did not o

ur before

galaxy 
atalogues with large numbers of obje
ts were drawn up { the �rst analyses of the


lustering properties of galaxies were based on the Shane-Wirtanen, the Zwi
ky 
atalogue,

and the 
atalogue of Abell 
lusters, and the results are outlined in a number of fundamental

papers by Peebles (and 
o-workers) (Peebles, 1973; Hauser & Peebles, 1973; Peebles & Hauser,

1974; Peebles, 1974; Peebles & Groth, 1975; Peebles, 1975).

Only a few years later the CfA survey was 
ompleted (Davis et al., 1982; Davis & Peebles,

1983), and the analysis brought a distribution to light, whi
h was amazingly inhomogeneous

{ �laments, sheets, walls and large voids emerged, and it be
ame 
lear that the lo
al universe

is in fa
t far from homogeneous. Figure (1.1) shows a map of galaxies with B � 15:5

mag

,

in six 
ontiguous 6

Æ

sli
es in the northern gala
ti
 
ap (see Geller & Hu
hra, 1989). The

stru
ture running all the way a
ross between 8

h

and 17

h

in right as
ension and 
z = 5000 and

10000 km s

�1

is 
alled the "Great Wall", perhaps the largest single stru
ture yet dete
ted in

any redshift survey.

How did the stru
ture we see today form and develop? How 
ould the universe evolve from

its smooth, homogeneous state immediately after the big bang

1

into the highly stru
tured

1

Observations of the 
osmi
 mi
rowave ba
kground show very little 
u
tuations.

1
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Figure 1.1: This initial map was really surprising, showing that the distribution of galaxies

in spa
e was anything but random, with galaxies a
tually appearing to be distributed on

surfa
es, almost bubble like, surrounding large empty regions, or "voids". The elongated

stru
tures along the line of sight are 
alled Fingers of God (pi
ture from Geller & Hu
hra

(1989)).

world we live in today? Still this question is one of the most 
hallenging ones in the �eld

of 
osmology. The opportunities for solving them them have emerged only re
ently with the

advent of deep extragala
ti
 surveys, whi
h provide suÆ
iently a

urate redshift estimates

for a large numbers of galaxies.

Until now, there have been some attempts to explore this subje
t by observation, but only few

possibilities to study the 
lustering of galaxies at high redshifts in detail. Not only the shallow

depths of most surveys, but also missing redshift information or too small number statisti
s

have limited the possibilities of analysing the data with regard to stru
ture formation.

In general, two di�erent types of surveys have to be distinguished { large angle surveys, whi
h

are limited to relatively bright apparent magnitudes, and pen
il-beam surveys with small,

but very deep �elds. Furthermore one 
an make a distin
tion between surveys whi
h 
ontain



3

only a small number of galaxies, but with very a

urate redshift information (dedu
ed from

spe
tros
opy), and surveys whi
h provide huge 
atalogues of galaxies, but without or with

extremely inse
ure redshift information. The Calar Alto Deep Imaging Survey (CADIS),

see Meisenheimer et al. (in preparation), is a deep pen
il-beam survey, the output of whi
h

at present is a 
atalogue of � 6000 
lassi�ed obje
ts of up to I � 23

mag

. Around 4000

of these are galaxies with relatively se
ure redshift information inferred by means of multi-


olor methods. This unique data base provides the possibility to investigate the evolution of

galaxy 
lustering from a redshift of z � 1:1 to the present epo
h. This is the aim of this thesis.

In this 
ontext the question how to quantify stru
ture arises { the eye is an expert in �nd-

ing stru
tures, but if we want to des
ribe the properties of a non-random distribution, we

have to use a mathemati
al expression, whi
h in
ludes some kind of measure for the strength

of the deviation from random. We also need this quantity to fa
ilitate a 
omparison be-

tween the 
lustering properties at di�erent redshifts, and the investigation of its development

into what we see today. Usually, stru
ture is des
ribed in terms of n-point 
orrelation fun
-

tions, the simplest of whi
h is the two-point 
orrelation fun
tion. In pra
ti
e, 
omputing the

three-dimensional real-spa
e two-point 
orrelation fun
tion requires very a

urate distan
es.

Pe
uliar velo
ities as well as redshift errors distort the redshift-spa
e relation, and, by making

the distribution more Poisson-like, in
rease the noise. Di�erent methods have been developed

to over
ome these problems. If no redshifts are available at all, it is possible to obtain informa-

tion about the three dimensional distribution of galaxies by deproje
ting the two-dimensional

angular 
orrelation fun
tion. If pe
uliar velo
ities are not negligible, or the data su�er from

large redshift errors, one 
an use the deproje
tion of the proje
ted 
orrelation fun
tion to

dedu
e the 
lustering strength of the three-dimensional distribution. Both methods are em-

ployed in this work.

Understanding the evolution of the large-s
ale stru
ture of the universe is helpful for learning

something about the history and nature of the universe, and the formation and evolution of

galaxies. A

ording to the standard theoreti
al paradigm, the stru
tures observed today were

formed by the gravitational ampli�
ation of small perturbations in an initially Gaussian dark

matter density �eld. Those perturbations are believed to be remnants of the quantum 
u
tu-

ations in the va
uum, and have undergone a tremendous growth during the epo
h of in
ation.

On the large s
ale dark matter provides the dominant mass in galaxies and systems of galax-

ies. The mass-to-luminosity ratios of galaxies and 
lusters of galaxies and the appli
ation of

di�erent variants of the Cosmi
 Virial Theorem on larger s
ales indi
ate that allmost all mass

in the universe is in some dark form. Primordial nu
leosynthesis of the light elements pro-

vides a �rm upper limit to the value of the baryoni
 density parameter of 


B

� 3:6 � 10

�2

h

�2

(Longair, 1998). Thus, even adopting a value of h = 0:5, the upper limit to the baryoni


mass density would barely be suÆ
ient to a

ount for values of the overall density parameter

of the order 


0

� 0:25� 0:6, the values favoured by re
ent observations of the 
u
tuations of

the mi
rowave ba
kground (Hu et al., 2001; GriÆths et al., 2001).

One 
an think of the dark matter in di�erent forms, but regardless of what sort of strange,

yet unknown parti
les make up the 
ontribution of non-baryoni
 dark matter, basi
ally two

di�erent s
enarios for the evolution of the large-s
ale stru
ture of the universe are possible.

In the hot dark matter (HDM) s
enario (where "hot" means that the parti
les had relativisti
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velo
ities at the time of de
oupeling) the largest s
ales form �rst, and smaller stru
tures su
h

as galaxies and their 
ontents form by fragmentation and instabilities ("top-down" model).

The HDM model produ
es too mu
h stru
ture on large s
ales, and 
an not a

ount for the

observed two-point 
orrelation fun
tion of the galaxies in the lo
al universe. Another problem

with the HDM model is that galaxies 
an only form on
e the large-s
ale stru
tures have 
ol-

lapsed. Therefore it is inevitable that galaxies form rather late in the universe. This also is in


ontradi
tion to many observations of the early universe, for example the existan
e of quasars

at z > 4, whi
h 
an only be understood if stru
ture formation was already well advan
ed at

z � 5 (Turner, 1991), or the extremely massive, red ellipti
al galaxies whi
h are observed in

the 
enters of 
lusters of galaxies must have formed at redshifts z > 6 (Bruzual A. & Charlot,

1993).

The 
old dark matter (CDM) s
enario is mu
h more eÆ
ient in 
reating power on small s
ales.

The 
old dark matter parti
les de
oupled early in the universe, after they had already be
ome

non-relativisti
. Small-s
ale densities were the �rst to 
ollapse, and the resulting obje
ts sub-

sequently merged under the in
uen
e of gravity to form larger stru
tures su
h as 
lusters and

super
lusters. One of the most attra
tive features of this "bottom-up" s
enario is that the

observed form of the galaxy 
orrelation fun
tion 
an be reprodu
ed (Davis et al., 1985).

In this hierar
hi
al formation pi
ture the 
lustering of the dark matter, as measured by the

amplitude of the matter 
orrelation fun
tion, in
reases monotoni
ally with time (Hamilton

et al., 1991; Pea
o
k & Dodds, 1994; Jain et al., 1995; Jenkins et al., 1998). The only observ-

able, however, is the 
lustering of galaxies, whi
h possibly tra
e the underlying density �eld.

The evolution of the distribution of the dark matter in di�erent world models 
an be inves-

tigated in large numeri
al N -body simulations. The development of large, powerful super-


omputers has made simulations with � 17 � 10

6

parti
les feasible (Pear
e et al., 1999), in

whi
h the evolution of the dark matter density perturbations 
an be tra
ked from a redshift

of z = 50 to the present epo
h. These numeri
al 
omputer experiments 
on�rm what is

predi
ted analyti
ally by linear theory: In universes with low matter density stru
ture forms

early and evolves little between a redshift of z = 1 and today, whereas in high-density models

stru
ture forms mu
h later, and a rapid growth of the 
lustering strength is observed between

z = 1 and the present epo
h.

The evolution of galaxy 
lustering in the di�erent s
enarios 
an be evaluated with semi-

analyti
 models of galaxy evolution, whi
h take simpli�ed models of starformation, 
ooling,

and feedba
k into a

ount. The method of 
ombining large N -body simulations with semi-

analyti
 models was introdu
ed by Kau�mann et al. (1999b). The evolution of galaxy 
luster-

ing to z = 0 was investigated in two following papers (Kau�mann et al. (1999a), and Diaferio

et al. (1999)).

Their results show that the measured 
lustering growth depends on the sample sele
tion, and

the 
lustering evolution of the dark matter density �eld 
an not dire
tly be inferred from the


lustering evolution of galaxies. The explanation for this fa
t 
an be given in the 
ontext

of biased galaxy formation. One 
an imagine many reasons why galaxies should not tra
e

the underlying density �eld, and the generi
 term for this phenomenon is biasing, meaning

the preferential formation of galaxies in 
ertain regions of spa
e rather than others. Part of
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the motivation behind the introdu
tion of biasing was to improve the agreement between the

predi
tions of the CDM s
enario and the observed distribution of galaxies.

In this pi
ture galaxies formed within dense haloes of dark matter, where gas was able to

rea
h high enough overdensities to 
ool, 
ondense and form stars. If we require the density

perturbation to ex
eed some 
riti
al value whi
h allows stru
tures to form, galaxy formation

would be biased towards the highest density perturbations over the mean ba
kground density.

Also, the astrophysi
s whi
h play a pivotal role in the pro
ess of galaxy formation and evo-

lution might also 
hange the relation of galaxy 
lustering and the 
lustering of the dark matter.

This thesis is stru
tured as follows: The Calar Alto Deep Imaging Survey and the data

used for the analysis are des
ribed in Chapter 2. An introdu
tion into the fundamental

prin
iples of three- and two-dimensional 
orrelation fun
tions and the deproje
tion methods

whi
h used of in this work is given in Chapter 3. In Chapter 4 we test the reliability of the

deproje
tion methods, using the Las Campanas Redshift Survey (She
tman et al., 1996). It is

shown that the proje
ted 
orrelation fun
tion also su�ers from the in
uen
e of redshift errors,

although it was invented to over
ome redshift-spa
e distortions. Therefore we introdu
e some

improvements to the pro
edure, whi
h fa
ilitate a dire
t 
omparison of the CADIS data with

the Las Campanas Redshift Survey (whi
h we use as a "lo
al sample"). In Chapter 5 we

investigate the evolution of the galaxy 
lustering from a redshift of z � 1:1 to today, using

the methods introdu
ed in the previous Chapters. In Chapter 6 the results are summarized

and dis
ussed. Further improvements are outlined and an outlook is given in Chapter 7.
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Chapter 2

CADIS { the Calar Alto Deep

Imaging Survey

The Calar Alto Deep Imaging Survey has been established in 1996 as the extragala
ti
 key

proje
t of the Max-Plan
k Institut f�ur Astronomie. It 
ombines a very deep emission line sur-

vey 
arried out with an imaging Fabry-Perot interferometer with a deep multi
olour survey

using three broad-band opti
al to NIR �lters and up to thirteen medium-band �lters when

fully 
ompleted (see Figure (2.1)). The 
ombination of di�erent observing strategies fa
ili-

tates not only the dete
tion of emission line obje
ts but also the derivation of photometri


spe
tra of all obje
ts in the �elds without performing time 
onsuming slit spe
tros
opy.

CADIS provides the data base to address di�erent aspe
ts of extragala
ti
 and even Gala
ti


astronomy:

� The sear
h for primeval galaxies at high redshifts

� Evolution of the luminosity fun
tion of �eld galaxies at intermediate redshifts

� Luminosity fun
tion of emission line galaxies at intermediate redshifts, and the dedu
-

tion of the starformation rate

� Number 
ounts and the luminosity fun
tion of quasars at 0 < z < 6

� Number 
ounts of EROs (Extremly Red Obje
ts)

� Sear
h for very late-type M dwarfs and brown dwarfs

� Gala
ti
 stru
ture and the stellar luminosity fun
tion

� Clustering properties of �eld galaxies with strong emission lines between z � 0:24 and

z � 1:2

� Evolution of the 
lustering of �eld galaxies between 0:2 < z

<

�

1:1.

The last topi
 is subje
t of this thesis.

Details of the survey and its 
alibration will be given in Meisenheimer et al. (in preparation).

7
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Figure 2.1: Transmission 
urves of the CADIS �lter set. The Fabry-Perot settings, the K

0

�lter at 2:2�, and the J �lter at 1:1� are not indi
ated in this plot.

The seven CADIS �elds measure � 1=30 ut

Æ

ea
h and are lo
ated at high Gala
ti
 latitude to

avoid dust absorption and reddening. In all �elds the total 
ux on the IRAS 100 �m maps is

less than 2MJy/sr whi
h 
orresponds to E

B�V

< 0:07. Therefore we do not have to apply

any 
olor 
orre
tions. As a se
ond sele
tion 
riterium the the �elds should not 
ontain any

star brighter than � 16

mag

in the CADIS R band. In fa
t the brightest star in the four �elds

under 
onsideration in this thesis has an R magnitude of 15:42

mag

. Furthermore, the �elds

are 
hosen su
h that there should be at least one �eld with an altitude of at least 45

Æ

above

the horizon of Calar Alto being observable ea
h time throughout the year. Among the CADIS

�elds three equatorial �elds allow follow-up observations with the VLT.

All observations were performed on Calar Alto, Spain, in the opti
al wavelength region with

the fo
al redu
ers CAFOS (Calar Alto Faint Obje
t Spe
trograph) at the 2.2 m teles
ope and

MOSCA (Multi Obje
t Spe
trograph for Calar Alto) at the 3.5 m teles
ope. For the NIR

observations the Omega Prime 
amera was used.

In ea
h �lter, a set of 5 to 15 individual exposures was taken. The images of one set were then

bias subtra
ted, 
at�elded and 
osmi
 
orre
ted, and then 
oadded to one deep sumframe.

This basi
 data redu
tion steps were done with the MIDAS software pa
kage in 
ombination

with the data redu
tion and photometry pa
kage MPIAPHOT (by Meisenheimer & R�oser).

2.1 Obje
t dete
tion

Depending on their spe
trum obje
ts are dete
ted in di�erent �lters with di�erent signal-to-

noise ratio. Therefore, obje
t sear
h is done on the sumframe of ea
h �lter using the sour
e

extra
tor software SExtra
tor (Bertin & Arnouts, 1996). The �lter-spe
i�
 obje
t lists are

then merged into a master list 
ontaining all obje
ts ex
eeding a minimum S=N ratio on

any of the bands. For merging, all obje
ts are 
onsidered identi
al whi
h fall into a 
ommon

error 
ir
le of 1

00

radius, while the typi
al seeing is 1:

00

5. The positions of all dete
tions in the

di�erent 
olor bands are then averaged into a �nal position.
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Photometry is done using the program Evaluate, whi
h has been developed by Meisenheimer

& R�oser (see Meisenheimer & R�oser (1986) and R�oser & Meisenheimer (1991). Variations in

seeing between individual exposures are taken into a

ount, in order to get a

urate 
olors.

An optimum signal-to-noise ratio is a
hieved by integrating the photons over an aperture with

a Gaussian weight distribution. In ea
h image the aperture is lo
ated at the same position on

the sky and its size and weight distribution is adapted to the seeing of the frame. Every image

gets a weight aperture that simulates a Gaussian smoothing to a 
ommon seeing before the

photon 
ounting, in order to make sure that always the same fra
tion of an obje
ts intrinsi


light distribution is probed. The 
uxes of extended sour
es have to be 
orre
ted for aperture

losses. These 
orre
tions, whi
h are dependent on the morphology of the galaxy, were derived

from photometry on simulated images where the true magnitudes are known. Be
ause the

photometry is performed on individual frames rather than sumframes, realisti
 estimates of

the photometri
 errors 
an be derived straightforwardly.

The measured 
ounts are translated into physi
al 
uxes outside the terrestrial atmosphere

by using a set of "tertiary" spe
trophotometri
 standard stars whi
h were established in the

CADIS �elds, and whi
h are 
alibrated with se
ondary standard stars (Oke, 1990; Walsh,

1995) in photometri
 nights.

From the physi
al 
uxes magnitudes and 
olor indi
es (an obje
t's brightness ratio in any two

�lters, usually given in units of magnitudes) 
an be 
al
ulated. There are several de�nitions

for the zeropoint of the magnitude s
ale, an astronomi
al de�nition handed down from history

and an in
reasing number of physi
al de�nitions. We use a spe
ial magnitude s
ale, the CD

magnitude, de�ned as

CDmag = �2:5 log F

phot

+ 20:

m

01 ; (2.1)

where F

phot

is the 
ux in photons m

�2

s

�1

nm

�1

. The zero point is 
hosen su
h that at 550 nm

an obje
t (observed through a quite narrow �lter) will have the same magnitude in all distin
t

magnitude systems whi
h are 
ommonly used.

The 
orresponding 
olor indi
es are then de�ned by

m

1

�m

2

= �2:5 log

F

phot;1

F

phot;2

: (2.2)

2.2 Classi�
ation of the obje
ts

The CADIS data base essentially 
onsists of two di�erent subsets. One is a sample of galaxies

with strong emission lines, whi
h are dete
ted on deep Fabry-Perot exposures. The other

subset is a sample of �eld galaxies, whi
h have been dete
ted on the broad- and narrow �lter

frames, in the following multi
olor galaxies. Sin
e in this work only the multi
olor galaxies

are investigated, we will restri
t ourselves to the dis
ussion of the multi
olor 
lassi�
ation

s
heme.
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2.2.1 Multi
olor 
lassi�
ation

With a typi
al seeing of 1:

00

5 a morphologi
al star-galaxy separation starts failing at R

>

�

21

where already many galaxies appear 
ompa
t. Quasars have point-like appearan
e as well as

stars, and thus 
an not be distinguished. Therefore a 
lassi�
ation s
heme was developed,

whi
h is based on template spe
tral energy distributions (SEDs) (Wolf et al., 2001
,b). The


lassi�
ation algorithm basi
ally 
ompares the observed 
olors of ea
h obje
t with a 
olor

library of known obje
ts. This 
olor library is assembled from observed spe
tra by syntheti


photometry performed on an a

urate representation of the instrumental 
hara
teristi
s used

by CADIS.

The stellar library is taken from Pi
kles (1998). The QSO spe
tral library is based on high

signal-to-noise template spe
tra (Fran
is et al., 1991), but also in
ludes di�erent 
ontinuum

slopes and line widths; the �nal QSO spe
tral library 
ontains templates with redshifts up to

z � 6. The spe
tral library for galaxies is derived from the mean averaged spe
tra of Kinney

et al. (1996). From these, a grid of redshifted spe
tra was formed 
overing redshifts from

z = 0 to z = 2 in steps of Æz = 0:01 and 100 di�erent intrinsi
 SEDs, from old populations

to starbursts (SED = 1 
orresponds to an E0 galaxy, whereas SED = 100 is a starburst

galaxy). Our �nal library of 
olor indi
es (
olors are obtained from syntheti
 photometry

performed on our CADIS �lterset) 
ontains entries for 131 star-, 45150 QSO-, and 20100

galaxy templates.

Using the minimum varian
e estimator (for details see Wolf et al. (2001
)), ea
h obje
t is

assigned a type (star { QSO { galaxy), a redshift (if it is not 
lassi�ed as star), and an SED.

The formal errors in this pro
ess depend on magnitude and type of the obje
t. For the faintest

galaxies (I < 22) they are of the order of �

z

= 0:017, and �

SED

= 2, respe
tively.

Note that we do not apply any morphologi
al star/galaxy separation or use other 
riteria.

The 
lassi�
ation is purely spe
trophotometri
.

The quality of the 
lassi�
ation and redshift estimation was 
he
ked by spe
tros
opy of a

subsample of 162 arbitrarily 
hosen obje
ts, whi
h are representative for the obje
t 
atalogue

as a whole. This subsample 
an further be divided into 103 bright (17 < R < 22) and 59

faint obje
ts (R > 22, in
luding 11 obje
ts with R > 24). The bright sample 
ontains only

two mis
lassi�
ations, whi
h translates into � 98% 
orre
t 
lassi�
ations. The mistakes are

Seyfert-1 galaxies (i.e. quasars) found by 
han
e among the 
ompa
t galaxies. The faint

sample 
ontains � 25% mis
lassi�
ations and 10% un
lassi�ed obje
ts, with most of them

being galaxies. The others are one L star and one Seyfert-1 galaxy. This means that until

R < 22 the 
lassi�
ation pro
edure works almost ideally for all 
lasses, but at fainter levels

the abundant galaxies start 
ontaminating the star 
lass and the quasar 
lass. More details

about the performan
e and reliability of the 
lassi�
ation are given in Wolf et al. (2001b).

The quality of the multi
olor redshift estimation is shown in Figure (2.2). For the 162 obje
ts,

multi
olor redshift is plotted against the spe
tros
opi
 redshift, the di�eren
e between both

(�z = z

multi
olor

� z

spe
tros
opi


) against the spe
tros
opi
 redshift, and �z against their R

magnitudes. Half of the galaxies are estimated within an error margin of �0:017, thus we


on
lude that the redshift determination works properly until R

<

�

24.
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Figure 2.2: The quality of the multi
olor redshift estimation: left panel: multi
olor redshift

versus spe
tros
opi
 redshift with the highest redshift galaxies residing at z � 1:2. 
enter

panel: the error of the estimate (�z = z

multi
olor

� z

spe
tros
opi


) versus redshift; right panel:

�z versus the R magnitude.

We also 
ompared the true redshift errors �z with the errors estimated by the multi
olor

te
hnique itself on the basis of photometri
 errors and the galaxy distribution in the 
olor

spa
e. The ratio �z=�

z

evaluates the error 
onsisten
y of our redshift estimate. If the esti-

mated errors were representative of true errors, this ratio should have a Gaussian distribution

with an rms of 1.0. In fa
t, it turns out that for 30% of the galaxies this in
onsisten
y is

larger than 3�, while the remaining � 70% show a more or less Gaussian distribution with

an rms s
atter of 1.2 (see Figure (2.3)). This result implies that for one third of the spe
tro-

s
opi
 galaxy sample, the redshift estimation pro
ess 
onsiders itself too a

urate, supposedly

a 
onsequen
e of 
osmi
 varian
e that 
hanges the galaxy SEDs and their estimated redshifts

while not 
hanging the photometri
 errors.

Figure 2.3: Most galaxy redshifts are estimated with a �z error varian
e of � 0:04, but

� 10% of the galaxies re
eive 
ompletely wrong redshift assignments with �z > 0:1 (left).

For 70% of the galaxies the true error distribution mat
hes up with the one expe
ted from the

multi
olor errors, but 30% of the obje
ts have true errors larger than the estimated 3�-errors

(right), whi
h are mostly starburst galaxies. The reason for the in
reased s
atter in general

is, that the observed SEDs are not perfe
tly mat
hed by the library SEDs.
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Table 2.1: The 
oordinates of the four �elds investigated in this thesis, and the number of

galaxies per �eld, I � 23 and 0:2 � z � 1:07.

CADIS �eld �

2000

Æ

2000

N(I � 23; 0:2 � z � 1:07)

1 h 1

h

47

m

33:

s

3 2

Æ

19

0

55

00

898

9 h 9

h

13

m

47:

s

5 46

Æ

14

0

20

00

916

16 h 16

h

24

m

32:

s

3 55

Æ

44

0

32

00

971

23 h 23

h

15

m

46:

s

9 11

Æ

27

0

00

00

841

2.3 The data under 
onsideration in this work

Four CADIS �elds have been fully analysed so far (for 
oordinates see Table (2.1)). Although

the �elds are re
tangular, only obje
ts within a 
ir
le of 400

00

radius around the �eld 
enter

are in
luded in the 
atalogue, to avoid spurious e�e
ts from the �eld edges, where obje
t

dete
tion and 
lassi�
ation be
omes in
reasingly diÆ
ult due to the in
uen
e of the instru-

mental properties (like distortion of the opti
s, de
reasing illumination of the �eld).

In the sele
ted area we identi�ed 4540 galaxies with I � 23. Out of them 3626 are lo
ated in

the redshift range 0:2 � z � 1:07, where we have analysed their 
lustering properties. The

number of galaxies per �eld is given in Table (2.1)).

Figure 2.4: Redshift distribution galaxies with I < 23 in the four CADIS �elds. The

"smoothed" redshift distribution 
an be des
ribed by a Gaussian. The dotted lines indi
ate

the redshift range, in whi
h the 
lustering properties of the galaxies are analysed.
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The redshift distribution (see Figure (2.4)) has a maximum at z � 0:6. The large s
atter

from bin to bin, whi
h is dis
ernably more than what is expe
ted from a Poisson statisti
s,

re
e
ts the large s
ale stru
ture of the galaxies. With four �elds, the a

umulation of galaxies

at 
ertain redshifts does not 
an
el out 
ompletely.

From the 
lassi�
ation algorithm, the redshift for all galaxies in the sample is known with an

a

ura
y of �

z

= �0:017. For the �rst time a sample this deep, with large number statisti
s

and redshift information is available. However, the redshift a

ura
y is not suÆ
iently high

enough to 
al
ulate the three-dimensional two-point 
orrelation fun
tion dire
tly. Neverthe-

less, as we will demonstrate later, we 
an use the redshifts for our analysis. First of all it

enables us to divide the 
atalogue into distin
t redshift bins and we 
an analyse the 
luster-

ing of the galaxies in ea
h of them up to z � 1:1, and se
ondly, we are independent of the

inversion of the angular 
orrelation fun
tion: we 
an use the proje
ted 
orrelation fun
tion,

whi
h makes use of redshifts, and is less sensitive to redshift errors than the three-dimensional


al
ulation.

We 
an further divide our sample into di�erent subsamples and investigate the 
lustering

properties of galaxies with di�erent Hubble types (sin
e the 
lassi�
ation s
heme provides

the SEDs of the galaxies), or di�erent absolute restframe B magnitudes. We take only

galaxies with redshifts 0:2 � z � 1:07 into a

ount for this analysis. In this range the number

statisti
s is large enough, and the redshift estimation se
ure enough. Figure (2.5) shows the

redshift versus B magnitude for galaxies with redshifts 0:2 � z � 1:07.

Figure 2.5: Redshift versus absolute magnitude for the 3626 galaxies with I

815

� 23, in the

redshift range under 
onsideration in this work, for 


0

= 1, 


�

= 0.



14 CHAPTER 2. CADIS { THE CALAR ALTO DEEP IMAGING SURVEY



Chapter 3

The statisti
al des
ription of

stru
ture

We have seen in Chapter 1 that galaxies are obviously not randomly distributed (see for

example Figure (1.1)). In fa
t, mu
h of the obvious 
lumping, the holes and the stringy

stru
tures are real features of the three-dimensional distribution of galaxies. To take away

the arbitrariness in de
iding whether any stru
ture is real or not, and to quantify the strength

of the 
lustering, one has to �nd a formalim, that des
ribes the deviation from a uniform

distribution. The simplest statisti
 
ommonly used to gain insight into the stru
ture of point

pro
esses is the two-point 
orrelation fun
tion. It des
ribes the ex
ess probability of �nding

a se
ond galaxy at a distan
e r from any galaxy sele
ted at random over the probability

expe
ted in a uniform, random distribution of galaxy lo
ations. Thus the number of galaxies

dN found in the volume element dV at distan
e r is given in the form:

dN(r) = N

0

[1 + �(r)℄dV ; (3.1)

whereN

0

is a suitably-de�ned average ba
kground number density of galaxies. The 
orrelation

fun
tion, �(r), 
an also be written in terms of the number of pairs of galaxies separated by

distan
e r in the form

dN

pair

= N

2

0

[1 + �(r)℄dV

1

dV

2

: (3.2)

It turned out that in the 
orrelation fun
tion of galaxies does not appear any preferred s
ale.

The natural des
ription for a behaviour like this is the parametrisation with a power law, as

�rst proposed by Totsuji & Kihara (1969):

�(r) =

�

r

r

0

�

�


: (3.3)

The 
orrelation length r

0

is only a "�t parameter", without any physi
al meaning. It 
an nev-

ertheless be understood as a measure for the 
lustering strength, and is useful for 
omparing


orrelation fun
tions with ea
h other. One 
an also think of r

0

as the length, at whi
h the


lumping gets really signi�
ant { the probability of �nding a galaxy separated by the distan
e

r = r

0

from another galaxy is twi
e as large as it would be if the distribution of galaxies was

random, see equation (3.1). Still one has to keep in mind that there is no deeper meaning

hidden in the value of r

0

, and the parametrisation with a single power law is nothing but a

15
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useful des
ription, expressing the fa
t that there are no preferred s
ales.

The two-point 
orrelation fun
tion is the Fourier transform of the power spe
trum, whi
h is

often referred to in the literature. The derivation of this relation is given in Appendix A.

3.1 How to measure the two-point 
orrelation fun
tion

The simplest way to measure the deviation from a Poisson distribution is the following: one


ounts the number of pairs of real galaxies in a histogram of logarithmi
 distan
e bins (hDDi

in the following). This histogram is normalised to the total number of pairs, n(n�1)=2, where

n is the number of galaxies in the sample under 
onsideration. An arti�
ial 
atalogue has

to be 
reated, with randomly distributed data points, that exhibit the same area on the sky

as the real data, and su�ers from the same sele
tion e�e
ts as the real data. Thus it serves

as a 
atalogue window, representing the geometri
al properties of the survey. In this random


atalogue, we 
ount the pairs of galaxies in the same way as in the real data, this histogram

(in the following hRRi) is normalised to the total number of arti�
ial galaxies n

r

(n

r

� 1).

Thus the most obvious estimator for the 
orrelation fun
tion (the ex
ess probability of

�nding pairs of galaxies at distan
e r over a random sample) is:

�

esti

=

hDDi

hRRi

� 1 : (3.4)

One 
an also use hRDi (the distan
es between real and random data) instead of hRRi (Davis

& Peebles, 1983). This very simple estimator has the defe
t that its un
ertainty on large

s
ales is limited by the un
ertainty in the mean density. This is not the 
ase for the estimator

proposed by Hamilton (1993):

�

H

=

hDDihRRi

hRDi

2

� 1 : (3.5)

Nevertheless, use of the sample mean for the normalisation biases the estimate of the 
orrela-

tion fun
tion by missing out varian
es on s
ales 
omparable to the s
ale of the sample (Landy

& Szalay, 1993). The statisti
 proposed by Landy & Szalay (1993) allows missing large-s
ale

varian
e to be restored:

�

LS

=

hDDi � 2hRDi+ hRRi

hRRi

: (3.6)

Therefore we de
ided to use this one in all the following investigations.

3.2 Real spa
e 
orrelations and redshift errors

The previous se
tion is a bit de
eptive in giving the impression that one "simply has to 
ount

distan
es". But exa
tly at this point the �rst diÆ
ulties appear: the 
oordinate system we

are for
ed to use for the 
al
ulation of the distan
es is not homogeneous. The 
oordinates

we are able to measure are the angular positions on the sky, � and Æ, and the redshift z

of ea
h galaxy. The angular positions 
an be measured with extremely high a

ura
y, and
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without time-
onsuming and diÆ
ult observation te
hniques. In 
ontrast, the redshift, from

whi
h we have to infer the distan
e along the line of sight, 
an only be dedu
ed with high

pre
ision from spe
tros
opi
 observations. But even if redshifts are known with very small

errors, this third spatial 
oordinate 
an not be regarded equal to the two others: pe
uliar

velo
ities add to the general Hubble 
ow, and the relation between measured redshift and

distan
e is distorted. Stru
tures tend to appear elongated along the line of sight. A typi
al

example are the so-
alled "Fingers of God" (see Figure (1.1)), where the random motion in


ompa
t 
lusters lead to a spread in the real distan
es when displayed in three-dimensional

galaxy maps.

Sin
e it is extremely time-
onsuming to measure redshifts, most large galaxy 
atalogues 
on-

sist only of the angular positions on the sky. If redshifts have been dedu
ed by applying

spe
tro-photometri
 (multi
olor) methods, they have large errors, whi
h has essentially the

same e�e
t on the estimation of the three-dimensional 
orrelation fun
tion as have pe
uliar

velo
ities.

The 
on
lusion is that in reality the real spa
e two-point 
orrelation fun
tion 
an only be


al
ulated dire
tly, if redshift information is available with very high pre
ision, and if pe
u-

liar velo
ities are negligible. If only angular 
oordinates are available, or the redshifts have

huge errors, one has to deal with the two-dimensional distribution of the galaxies on the

sky, measure the angular 
orrelation fun
tion, and try to derive the parameters of the three-

dimensional 
orrelation fun
tion from the deproje
tion.

If the errors in the redshift measurement are not ex
essively large, but still too large to fa-


ilitate a dire
t 
omputation, one 
an use the proje
ted 
orrelation fun
tion to derive the


orrelation length r

0

and the slope 
. Although it makes use of the redshift, it mu
h less

sensitive to redshift error, whi
h we will demonstrate in 
hapter (4).

In the following we will des
ribe the two di�erent approa
hes to derive the three-dimensional


orrelation fun
tion by deproje
tion { of the angular 
orrelation fun
tion, or the proje
ted


orrelation fun
tion.

3.2.1 The angular 
orrelation fun
tion

The angular 
orrelation fun
tion w(�), in analogy to equation (3.2) de�ned as

dP = N

2

(1 + w(�))d


1

d


2

; (3.7)

is related to the three dimensional 
orrelation fun
tion �(r) by Limber's equation (Limber,

1954).

Limber's equation is true for z � 1, but for deep samples, whi
h 
over a large range of

redshifts, the expansion of the universe, 
urvature e�e
ts, and the possible evolution of the


lustering have to be in
luded. The redshift-dependent version of Limber's equation has been

derived by Groth & Peebles (1977), and Phillipps et al. (1978). The general distribution of

redshifts (dN=dz) has to be known or 
al
ulated from the sele
tion fun
tion, whi
h assembles
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all sele
tion e�e
ts due to observation and data redu
tion. The three-dimensional 
orrelation

fun
tion is 
onventionally parameterised as

�(r; z) =

(r=r

0

)

�


(1 + z)

3+�

(3.8)

r

0

(z) = r

0

(0)(1 + z)

�(3+�)=


(3.9)

(r

0

in proper distan
e), where the parameter � takes some kind of evolution of the 
lustering

properties with redshift into a

ount. The evolution parameter � be
omes unimportant, if

one investigates the angular 
orrelation fun
tion only in small z-bins (presumably there is no

evolution within a small redshift interval).

It should be noted that the 
orrelation length r

0

(z) is here the 
orrelation length (in physi
al

units), that would be measured by a lo
al observer at the epo
h in question. Thus the 
or-

relation length will evolve (as (1 + z)

�1

), even if the 
lustering pattern is �xed in 
omoving

spa
e. In the 
ase of a 
lustering pattern �xed in 
omoving 
oordinates, 
lustering does not

grow with time, and � = �1:3 for 
 = 1:7. When gravitationally bound units keep a �xed

physi
al size, the 
lustering growth is the result of the in
reasingly diluted galaxy ba
kground

(it is e�e
tively the voids that are growing), and � = 0. For a standard CDM 
osmology, the

mass 
lustering should grow in the linear regime with � = 0:7.

Then from Limber's equation

w(�) = A

w

�

1�


; (3.10)

with

A

w

= CBr




0

; (3.11)

where C is a numeri
al fa
tor:

C =

p

�

�((
 � 1)=2)

�(
=2)

; (3.12)

and

B =

Z

1

0

d

A

(z)

1�


(1 + z)

�(3+�)

g(z)

�

dN

dz

�

2

dz �

�

Z

1

0

dN

dz

dz

�

�2

: (3.13)

Here d

A

is the angular diameter distan
e and g(z) is the di�erential 
omoving distan
e el-

ement multiplied by the s
ale fa
tor. dN=z is the smoothed redshift distribution, see for

example Figure (2.4)).

For 


�

= 0

d

A

=




H

0

q

0

z + (q

0

� 1)(�1 +

p

1 + 2q

0

z)

q

2

0

(1 + z)

2

(3.14)

g(z) =

�




H

0

�

h

(1 + z)

2

p

1 + 


0

z

i

�1

(3.15)

Thus from equation (3.11) the 
orrelation length r

0

of the three-dimensional distribution 
an

be 
al
ulated. On the other hand, if the 
orrelation length at z = 0 is known, the evolution

of the 
lustering with redshift 
an be dedu
ed, namely the evolutionary parameter � (see

equation (3.9)).



3.2. REAL SPACE CORRELATIONS AND REDSHIFT ERRORS 19

3.2.2 The proje
ted 
orrelation fun
tion

If pe
uliar velo
ities are not negligible, or the available redshifts have large errors, one 
an use

the proje
ted 
orrelation fun
tion w(r

p

) to derive the parameters of the real spa
e 
orrelation

fun
tion (Davis & Peebles, 1983). The proje
ted distan
e r

p

between galaxies i and j (the

distan
e perpendi
ular to the line of sight) 
an be interpreted as

r

p

= [d

A

(i) + d

A

(j)℄ tan(�

ij

=2) ; (3.16)

where d

A

is the angular diameter distan
e (equation (3.14)) and �

ij

is the apparent separation

between galaxy i and galaxy j.

d�

dz

=




H

0

(1 + z)

2

p

1 + 2q

0

z

(3.17)

is the in
rement in physi
al distan
e. For small angles r

2

= r

2

p

+ �

2

, see Figure (3.1).

Figure 3.1: S
hemati
 drawing of the geometry.

The proje
ted 
orrelation fun
tion is de�ned as

w(r

p

) = 2

Z

1

0

�

h

(r

2

p

+ �

2

)

1=2

i

d�

= 2

Z

1

r

p

�(r)(r

2

� r

2

p

)

�1=2

r dr : (3.18)
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The inverse is the Abel integral

�(r) = �

1

�

Z

1

r

w

0

(r

p

)(r

2

p

� r

2

)

�1=2

dr

p

: (3.19)

If �(r) = (r=r

0

)

�


, then equation (3.18) yields

w(r

p

) = Cr




0

r

1�


p

(3.20)

with the fa
tor C from equation (3.12). Thus 
omputing w(r

p

) provides a measurement of

the parameters of the three-dimensional 
orrelation fun
tion, namely r

0

and 
.

The evolutionary parameter � is not a very intuitive des
ription of the evolution of the 
lus-

tering strength. Instead of using �, we 
an 
al
ulate the amplitude of the three-dimensional


orrelation fun
tion at a 
omoving separation of r


om

= 1h

�1

Mp
, and introdu
e a more

des
riptive parameter q:

�(r


om

= 1h

�1

Mp
) = �

0

(1 + z)

q

(3.21)

r




0;
om

= r




0;0;
om

(1 + z)

q

: (3.22)

For a 
lustering pattern that is expanding with the universe (�xed in 
omoving 
oordinates),

the 
lustering strength is simply a fun
tion of (1 + z), and q = 0. Thus q gives dire
tly the

deviation of the evolution from the global Hubble 
ow. Of 
ourse it 
an be related to �: With

equation (3.9) we 
an write

�(r = 1h

�1

Mp
; z) = �(r = 1h

�1

Mp
; 0)(1 + z)

�(3+�)

; (3.23)

for r in proper 
oordinates. For �(r = 1h

�1

Mp
) = r




0

,

r




0

= r




0;0

(1 + z)

�(3+�)

: (3.24)

For r


om

(r




0

! r




0

(1 + z)




)

r




0;
om

= r




0;0;
om

(1 + z)

�(3+�)

(1 + z)




= r




0;0;
om

(1 + z)

�(3+��
)

: (3.25)

Comparison with equation (3.21) yields

q = �3� �+ 
 : (3.26)

So for the 
anoni
al slope 
 = 1:8, q = 0 
orresponds to � = �1:2, q = �1:2 
orresponds to

� = 0, and q = �2 to � = 0:8 (linear growth).

Method of estimation

Following Davis & Peebles (1983) one 
an 
al
ulate the proje
ted 
orrelation fun
tion from

w(r

p

) =

Z

+Æ�

�Æ�

�(r

p

; �) d� : (3.27)

Sin
e the three-dimensional two-point 
orrelation fun
tion has the form of a power law, it


onverges rapidly to zero with in
reasing pair separation. Therefore the integration limits do
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not have to be �1, they only have to be large enough to in
lude all 
orrelated pairs. Sin
e

the observable in the �rst pla
e is the redshift z instead of the physi
al separation, we make

a 
oordinate transform (Le Fevre et al., 1996):

w(r

p

) =

Z

+Æz

�Æz

�(r

p

; �)




H

0

(1 + z)

2

p

1 + 2q

0

z

dz ; (3.28)

for 


�

= 0.

The way to estimate w(r

p

) in pra
ti
e is to 
ount the proje
ted distan
es between pairs of

galaxies that are separated in redshift spa
e by not more than Æz, in appropriate proje
ted

distan
e bins (hDD(r

p

)ij

d

z

�Æz

). We use the estimator by Landy & Szalay (1993), whi
h we

will 
all �

esti

(r

p

) in the following, thus we have to do the same in a suitably generated random

data set, and �nd the 
ross-
ounts between real and random data:

�

esti

(r

p

) =

hDD(r

p

)ij

d

z

�Æz

� 2hRD(r

p

)ij

d

z

�Æz

+ hRR(r

p

)ij

d

z

�Æz

hRR(r

p

)ij

d

z

�Æz

: (3.29)

To derive w(r

p

), �

esti

(r

p

) has to be multiplied with the "e�e
tive depth" �r

k

in whi
h galaxies

are taken into a

ount, thus

w(r

p

) = �

esti

(r

p

) ��r

k

= �

esti

�

Z

+Æz

�Æz


 dz

H

0

(1 + z)

2

p

1 + 2q

0

z

(3.30)

for 


�

= 0.

The e�e
tive depth

In reality, one has to 
ope with a sele
tion fun
tion of some kind or another, and not with

a top-hat fun
tion (of probability unity to �nd a galaxy within the borders of the survey

and zero otherwise). The importan
e of this was �rst noti
ed in this work: in the 
ontext of

the proje
ted 
orrelation fun
tion, a 
ompli
ation arises with the 
omputation of the depth

�r

k

. At low redshifts, the e�e
tive depth is diminished by the geometry, sin
e the physi
al

area in whi
h galaxies 
an be found grows with redshift. In a magnitude limited sample the

number of galaxies per redshift bin de
reases with in
reasing redshift (the fainter a galaxy,

the smaller its limiting distan
e to whi
h it 
an be dete
ted). The varying probability to �nd

pairs of galaxies separated by a redshift Æz within the survey has to be taken into a

ount.

It 
an be in
luded in the 
al
ulation by multiplying the integrand in equation (3.30) with

the probability to �nd pairs of galaxies separated by a distan
e Æz. The sele
tion fun
tion of

�nding pairs of galaxies (%

pair

) 
an be expressed in terms of the squared redshift distribution

(dN=dz), normalised to unity at it's maximum:

%

pair

=

�

1

N

z

dN

dz

�

2

; (3.31)

where N

z

is the normalisation 
onstant. Then the integral (3.30) 
hanges to

�r

k

=

Z

+Æz

�Æz




H

0

(1 + z)

2

p

1 + 2q

0

z

%

pair

dz : (3.32)
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With this 
orre
tion for the sele
tion fun
tion, the "depth" 
onverges to a �xed value and does

not grow anymore, even if the integration limits 
over more than the total depth of the survey.

For 
omparison with results of other authors it has to be kept in mind that in no previous

estimation of the proje
ted 
orrelation fun
tion (see for example Le Fevre et al. (1996) or Carl-

berg et al. (2000)) it was payed any attention to the in
uen
e of the survey sele
tion fun
tion.

The 
hoi
e of the integration limit Æ

z

in equation (3.27) and equation (3.30) is somewhat

arbitrary. To 
apture the bulk of the 
orrelation signal, the integration limits should be sig-

ni�
antly larger than the 
orrelation length r

0

and the length 
orresponding to the pairwise

velo
ity dispersion, and of 
ourse they have to be larger than the errors.

Very large values of Æ

z

might more 
ompletely integrate the 
orrelation signal, but they do

so at the 
onsiderable 
ost of in
reased noise, for two reasons { �rst, the bigger the separa-

tion of two galaxies along the line of sight, the more meaningless the proje
ted separation

perpendi
ular to the line of sight gets. Se
ond, if a pair of galaxies is separated by a very

large physi
al distan
e along the line of sight, it is 
ertainly not 
orrelated at all, sin
e the


orrelation fun
tion de
reases very fast with distan
e. Nevertheless it 
an display a very small

proje
ted separation and will therefore be regarded as strongly 
orrelated.

Robustness of the inversion

With equation (3.18), the inversion of the Abel integral, one should in prin
iple be able to

derive the 
orrelation length r

0

of the real spa
e distribution from the measurement of the

proje
ted 
orrelation fun
tion. Impli
itly, this in
ludes the assumption, that the 
orrelation

fun
tion de
reases monotonously (the slope of the power law stays 
onstant), even for very

large distan
es. This is obviously not the 
ase, see Pea
o
k (1997). The power spe
trum

(the Fourier transform of the 
orrelation fun
tion), 
hanges its slope at a wavenumber of

k � 0:1hMp


�1

.

In the range 0:01 < k < 10, the real spa
e power spe
trum 
an be des
ribed with a break

between two power laws (Pea
o
k, 1999):

�

2

(k) =

(k=k

0

)

�

1 + (k=k

1

)

���

; (3.33)

with

k

0

= 0:03hMp


�1

k

1

= 0:05hMp


�1

� = 0:8

� = 4:0

This break in the power law has at least two impli
ations: The trivial one is, that the ampli-

tude of the 
orrelation fun
tion (de�ned by �(r

0

) = 1, or w(r

p

) = 1, respe
tively) one derives

by �tting the data with a single power law, depends on the range of distan
es that are ob-

served in the sample. This means that the range of proje
ted distan
es has to be 
ompatible
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with the range of the three dimensional distan
es.

The other impli
ation is less trivial. If a survey is mu
h deeper than the s
ale at whi
h the

break in the power law o

urs, equation 3.20 is no longer a valid solution for the inverse of the

Abel integral, be
ause this solution implies �(r) = (r=r

0

)

�


. The integral over a power law

with a break at � 60h

�1

Mp
 yields a value for the 
orrelation length r

0

that is slightly smaller

than the value expe
ted from a single power law. In order to simplify the veri�
ation, we did

not Fourier-transform equation (3.33), but integrated the simple power law to r = 60h

�1

Mp
.

Beyond this point where the break o

urs, it de
reases very strongly, so the 
ontribution to

the integral 
an be negle
ted. For r

0

= 5:0h

�1

Mp
, 
 = 1:8, we �nd for the amplitude of the

proje
ted 
orrelation fun
tion (for r

p

= 1h

�1

Mp
).

Z

1

r

p

�(r)

q

r

2

� r

2

p

r dr = 62:57 (3.34)

With equation (3.20), we re
over r

0

= 5:0. But

Z

60

r

p

�(r)

q

r

2

� r

2

p

r dr = 60:15 ; (3.35)

and by applying equation (3.20), we �nd only r

0

= 4:88.

So the e�e
t is of Order O = 10

�2

, and therefore negligible for our purposes, sin
e the errors

of the measurements are larger in any 
ase.

3.2.3 The spe
ial 
ase of multi
olor data

The redshifts of the galaxies in our 
atalogue have errors of size �

z

= �0:017 (see 
hapter

(2)), so it is 
learly impossible to 
ompute the three-dimensional 
orrelation fun
tion dire
tly.

However, the errors are still small enough to fa
ilitate the analysis of the proje
ted 
orrela-

tion fun
tion, as we will show in the next 
hapter. Sin
e the number of pairs of galaxies that


ontribute to the histogram hDDi in the estimation of the proje
ted 
orrelation fun
tion is

mu
h smaller than for the angular 
orrelation fun
tion (for the proje
ted 
orrelation fun
tion

only galaxies separated by less than the integration limits in equation (3.28) are 
ounted),

we 
an use the larger number statisti
s of the angular 
orrelation fun
tion to 
orroborate the

results qualitatively. Therefore we 
al
ulate both angular and proje
ted 
orrelation fun
tion,

and 
ompare the results.

Usually, a straight line is �tted to the logarithmi
 data points, where 
 is the slope, and the

amplitude is the y axis inter
ept (of 
ourse in the 
ase of the three-dimensional 
orrelation

fun
tion �(r), the y axis inter
ept gives dire
tly r

0

). We have to make a very 
areful 
hoi
e in

the range where we �t the data: sin
e the CADIS �elds measure 11

0

� 11

0

ea
h, the 
omoving

distan
e at the mean redshift hzi � 0:6 is only � 4:5h

�1

Mp
 (for 


0

= 0:2, 


�

= 0). This is

even less than the 
anoni
al 
orrelation length of r

0

= 5h

�1

Mp
, and the major part of the


orrelation signal in our data is on very small s
ales. Therefore, we restri
t the range in whi
h

the data are �tted to this region: for the proje
ted 
orrelation fun
tion �1:7 � log r

p

� �0:3,
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and for the angular 
orrelation fun
tion to �0:9 � log � � 0:5 (� in ar
minutes). To minimize

the errors of the measured amplitudes (whi
h are 
learly dominated by the un
ertainty in

the �tted slope, if one interpolates far outside the measured data points), we do not �t the

amplitude at the y axis inter
ept, but at some point within the measurement, preferably

somewhere in the middle. Sin
e we want to 
ompare our measurements with the lo
al one

(for whi
h we use the Las Campanas Redshift Survey), we furthermore have to make sure

that we 
ompare similar 
omoving s
ales in the two di�erent surveys. Thus we restri
ted the

�t of the proje
ted 
orrelation fun
tion of the LCRS to �1:15 � log r

p

� 0:3, and the angular


orrelation fun
tion to 0 � � � 1:5, to a
hieve a 
ompromise between maximum overlap and

high signal-to-noise of the 
orrelation signal of both surveys. We then �tted the amplitude

of the proje
ted 
orrelation fun
tion of CADIS at log r

p

= �0:5 (r

p

' 316h

�1

kp
), and for

the LCRS at log r

p

= �0:3 (r

p

' 500h

�1

kp
) { in 
omoving 
oordinates this 
orresponds for

CADIS (hzi = 0:6) to r

p;
om

' 506h

�1

kp
, for the LCRS (hzi = 0:1) to r

p;
om

' 550h

�1

kp
.

In the 
ase of the angular 
orrelation fun
tion we �t the amplitude of w(�) for CADIS at

� = 1

0

(at z = 0:6 this 
orresponds to r

p

' 200h

�1

kp
), and for the LCRS at � = 0:

Æ

1 (at

z = 0:1 this 
orresponds to r

p

' 400h

�1

kp
). From the values of the amplitudes, whi
h are

all measured at 
omparable s
ales, we 
an now dedu
e the parameter of the three-dimensional


orrelation fun
tion.



Chapter 4

The LCRS - lo
al sample and test

The CADIS data provides the possibility to analyse the 
lustering of galaxies at relatively high

redshifts, but sin
e it is our intention to investigate the evolution of galaxy 
lustering from z �

1 to the present epo
h and the CADIS data is only suited for the analysis down to a redshift of

0.2, we need a lo
al sample to fa
ilitate the 
onne
tion to z = 0. A suitable 
atalogue, whi
h


an serve as a lo
al sample is the Las Campanas Redshift Survey, in the following LCRS. On

the other hand it is ne
essary to verify the validity of the deproje
tion methods des
ribed in

the previous 
hapter. Before pro
eeding to derive the two-point 
orrelation fun
tion of the

multi
olor galaxies in CADIS, one 
an use the LCRS to 
he
k all the above assumptions.

4.1 The data

The LCRS is des
ribed in detail by She
tman et al. (1996). The survey 
onsists of � 26000

galaxies in six sky strips, three strips in the northern Gala
ti
 
ap region and three in the

southern region, see Figure (4.1). Ea
h strip runs approximately 80

Æ

a
ross the sky in right

as
ension and has a width in de
lination of � 1:5

Æ

. The mean strip de
linations are �3

Æ

,

�6

Æ

, �12

Æ

in the northern sample and �39

Æ

, �42

Æ

, �45

Æ

in the southern sample.

Ea
h strip was subdivided into 50 or so �elds of square or nearly square dimensions. Galaxies

in ea
h �eld were sele
ted on the basis of Kron-Cousins R-band magnitudes; a subset of these

galaxies was 
hosen randomly for spe
tros
opi
 study using multiobje
t �ber spe
trometers

of either 50 or 112 �bers. Apparent magnitude limits vary from �eld to �eld, with typi
al

isophotal limits of 16:0 � m

R

� 17:3 and 15:0 � m

R

� 17:7 for the 50 �ber and 112 �ber

�elds, respe
tively. Additional limits were imposed on the basis of the "
entral surfa
e bright-

ness" of the galaxies, 
orresponding approximately to the 
ux entering a �xed �ber aperture

of 3

00

:5; the limiting 
entral magnitude is in the range of m




= 18 � 19, depending on the

isophotal magnitude.

The survey has a median redshift of hzi � 0:1, and therefore 
an be regarded as "lo
al"; the

mean error in redshift is �

z

� 2:24 � 10

�4

, that is �


z

= 67:2 km s

�1

.

Di�erent aspe
ts of large s
ale stru
ture in the LCRS are treated in a variety of papers, e.g

Doroshkevi
h et al. (1996), Lin et al. (1996), Landy et al. (1996), Tu
ker et al. (1997), Colley

(1997), Shandarin & Yess (1998), Bharadwaj et al. (2000), Best (2000), and M�uller et al.

25
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(2000)).

Tu
ker et al. (1997) found a 
omoving 
orrelation length of r

0

= 6:28 � 0:27h

�1

Mp
 and


 = 1:52 � 0:03, in the distan
e range 2:0 < r < 16:4h

�1

Mp
, whereas Jing et al. (1998)

found r

0

= 5:06� 0:12h

�1

Mp
 and 
 = 1:862� 0:0:034 for r

p

< 28h

�1

Mp
. The latter value

was estimated by means of the proje
ted two-point 
orrelation fun
tion.
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Figure 4.1: The Las Campanas Redshift Survey.
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Table 4.1: Geometries and number of galaxies for the di�erent se
tors of the LCRS whi
h are

used in our study.

Name x

1

=

Æ

x

2

=

Æ

�x =

Æ

y

1

=

Æ

y

2

=

Æ

�y =

Æ

N

gal

37-38 -38.829 -38.337 0.492 8.091 57.711 49.620 539

35-41 -41.993 -41.283 0.710 2.508 67.246 64.738 1055

190-3 -2.904 -2.278 0.627 156.583 230.366 73.783 1479

193-11 -11.947 -11.358 0.589 156.228 220.015 63.787 1457

4.2 Consisten
y Che
ks { from 2d to 3d

To 
he
k whether the integral inversions (be it Limber's equation or the Abel integral) work

properly with real data, we 
al
ulated the three dimensional 
orrelation fun
tion for four dif-

ferent se
tors of the survey, and alternatively for the same se
tors the proje
ted 
orrelation

fun
tion and the angular 
orrelation fun
tion. From those we derived the 
orrelation length

r

0

and the exponent 
. The main aim of this exer
ise is to 
he
k the validity of deproje
tion

methods for the lo
al sample.

Table (4.1) lists the geometries and the number of galaxies in the di�erent parts of the LCRS

we were using, right as
ension and de
lination are both given in degrees.

4.2.1 The three dimensional 
orrelation fun
tion

For ea
h se
tor a 
atalogue of randomly distributed galaxies is generated, within the 
orre-

sponding borders in right as
ension and de
lination. Their redshift distribution (that follows

the mean redshift distribution of all galaxies in the whole survey, see also Figure (4.2)) 
an

well be approximated by a Maxwell fun
tion:

dN

dz

= 1:27 � 10

6

z

2

exp

"

�0:5 �

�

z � 0:0074

0:063

�

2

#

(4.1)

We 
al
ulated the three dimensional 
orrelation fun
tion for 0:04 � z � 0:16, using the esti-

mator of Landy & Szalay (1993) (equation (3.6)).

The distan
e d

i;j

between a pair of galaxies at redshifts z

i

and z

j

separated by an angle � 
an

be approximated by using Pythagoras' law:

d

i;j

=

s

(D

A

(�z) � �)

2

+

�

D(�z)

(1 + �z)

�

2

; (4.2)

where D

A

is the angular distan
e, D the 
omoving distan
e, whi
h is proje
ted to the phys-

i
al distan
e at the mean redshift �z = (z

i

+ z

j

)=2 by dividing by (1 + �z. For de�nitions and

derivations see appendix (B).
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Figure 4.2: The redshift distribution of all galaxies in the LCRS.

Figure (4.3) shows the run of �(r) for the above mentioned se
tors of the LCRS, for H

0

= 100,




0

= 1:0, and 


�

= 0. Errors are 
al
ulated from Poisson statisti
s:

�

�

= 2 �

s

(1 + �(r))

[DD℄

; (4.3)

where [DD℄ is the unnormalised histogram of the number of pairs of galaxies in logarithmi


distan
e bins. We found that the errors 
al
ulated in this way are 
omparable with the errors

using bootstrap resampling methods (Barrow et al., 1984). The individual errors of the data

points are sometimes slightly smaller and sometimes slightly larger than bootstrap errors, but

there is no systemati
 trend towards either 
ase.

The 
orrelation fun
tions in the di�erent se
tors of the LCRS show a relatively large spread at

the large s
ale end, thus the interval where the 
orrelation fun
tion was �tted, was restri
ted

to �1:0 � log r � 0:5, as indi
ated in �gure (4.3). Furthermore we did not �t r

0

dire
tly,

but the amplitude of �(r) at r = 0:5h

�1

Mp
 (from whi
h we then are able to 
al
ulate r

0

),

be
ause if one leaves the slope as a free parameter and determines the amplitude somewhere

at the margin, or even outside the measured range, the errors of the slope dominate the

errors of the amplitude, and the errors of the amplitude get unne
essarily large. The value

r = 0:5h

�1

Mp
 is more or less in the middle of our �tted range of data points, so it is better

to determine the amplitude of �(r) at this point. Also, as outlined in Chapter 3, it allows the

dire
t 
omparison with the CADIS data.

Table (4.2) shows the results for the di�erent se
tors of the LCRS. In the �rst 
olumns the
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Figure 4.3: The two-point 
orrelation fun
tion �(r) in the di�erent parts of the LCRS. Di�er-

ent 
olors refer to the di�erent se
tors; red: 193-11, green: 37-38, blue: 35-43, yellow: 190-3.

The dotted lines indi
ate the interval, in whi
h the 
orrelation fun
tion is �tted. The bla
k

line is the mean �t.

amplitude of �(r) at r = 0:5h

�1

Mp
 and the slope 
 is given, respe
tively, the last 
olumn


ontains the value r

0

dedu
ed from this.

The weighted mean r

0

in our 
al
ulations is 3:579 � 0:092, the weighted mean of 
 =

1:295 � 0:016. The mean �t is also plotted in �gure (4.3). This mean slope is mu
h 
at-

ter than the 
anoni
al slope of 
 = 1:8, and 
atter than what has been found by other

authors (see above). The s
atter between the values of �(r = 0:5=h

�1

Mp
) and r

0

in the

di�erent se
tors is quite large, the values are not equal within the errors.

Table 4.2: Results for r

0

for the di�erent �eld geometries, dedu
ed from the amplitude of �(r)

at r = 0:5h

�1

Mp
.

Se
tor �(r = 0:5=h

�1

Mp
) 
 r

0

=h

�1

Mp


37-38 19:991 � 0:290 1:224 � 0:046 5:777 � 0:536

35-41 15:577 � 0:183 1:285 � 0:034 4:236 � 0:243

190-3 13:116 � 0:131 1:335 � 0:029 3:438 � 0:146

193-11 11:574 � 0:131 1:290 � 0:028 3:337 � 0:140
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4.2.2 The angular 
orrelation fun
tion

For 
omparing three- and two-dimensional 
orrelations, we �rst 
omputed the angular 
orre-

lation fun
tion (w(�)), and dedu
ed the 
orrelation length r

0

. Again we used the estimator

by Landy & Szalay (1993) for the estimation. For the random sample we used the same mo
k


atalogues as for the analysis of the three-dimensional 
orrelation fun
tion. Figure (4.4) shows

w(�) for the di�erent �eld geometries (see Table (4.1)).

Figure 4.4: The angular two-point 
orrelation fun
tion w(�) in the di�erent parts of the

LCRS. Di�erent 
olors refer to the di�erent se
tors (same as in Figure (4.3)). The dotted

lines indi
ate the interval, in whi
h the angular 
orrelation is �tted.

To make sure that we 
ompare to some extend the same distan
e ranges (for the three-

dimensional 
orrelation fun
tion the range was 0:14

<

�

r

<

�

2:24h

�1

Mp
), we restri
t the

interval to be �tted �t to 0:

Æ

0167 < � < 0:

Æ

5. At the mean depth of the survey (hzi = 0:1), this


orresponds to 0:09

<

�

r

<

�

2:62h

�1

Mp
). In this range the signal-to-noise is high, and the

distan
e ranges overlap. The borders are also indi
ated in �gure (4.4). We �t the amplitude

of w(�) at � = 0:

Æ

1 (' 400h

�1

kp
).

We 
an now use Limber's equation to derive the 
onne
tion of the amplitude of the angular


orrelation fun
tion at � = 0:

Æ

1 with the amplitude of the three-dimensional 
orrelation fun
-

tion at r = 0:5h

�1

Mp
. With �(r = 0:5h

�1

Mp
) = (0:5=r

0

)




= 0:5

�


r




0

, equation (3.10) and

equation (3.11) we �nd:

A

w

� 0:5




= CB�(r = 0:5h

�1

Mp
) (4.4)

0:5




w(� = 0:

Æ

1) = CB�(r = 0:5 h

�1

Mp
) � 0:

Æ

1

1�


; (4.5)
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Table 4.3: Amplitudes of the angular 
orrelation fun
tion at � = 0:

Æ

1 in di�erent parts of the

LCRS, and the amplitude of the three-dimensional 
orrelation fun
tion at r = 0:5 h

�1

Mp
,

and the 
orrelation length r

0


al
ulated from that.

Se
tor A

w

(� = 0:

Æ

1) 
 ) �(r = 0:5 h

�1

Mp
) r

0

/h

�1

Mp


37-38 0:403 � 0:057 1:726 � 0:334 61:982 � 0:701 5:462 � 1:527

35-41 0:393 � 0:042 1:770 � 0:282 62:422 � 0:583 5:167 � 1:293

190-3 0:373 � 0:028 1:848 � 0:168 62:289 � 0:337 4:677 � 0:951

193-11 0:218 � 0:016 1:927 � 0:241 38:012 � 0:286 3:302 � 0:780

and

�(r = 0:5 h

�1

Mp
) =

0:5




w(� = 0:

Æ

1)

CB 0:

Æ

1

1�


: (4.6)

In this 
al
ulation � was kept �xed at zero { the 
hoi
e of the evolution parameter is not

really important in the 
ase of the LCRS, be
ause at the shallow depth of the survey, it does

not 
hange the result in a signi�
ant way. We also 
hose zero be
ause the e�e
tive evolution

between a redshift of 0:1 and zero is negligible anyway.

Table (4.3) shows the amplitudes of the angular 
orrelation fun
tion at � = 0:

Æ

1 in dif-

ferent parts of the LCRS, the amplitude of the three-dimensional 
orrelation fun
tion at

r = 0:5 h

�1

Mp
), and the 
orrelation length r

0


al
ulated from that. Everything was 
om-

puted for 


0

= 1 and 


�

= 0.

The weighted mean is h�(r = 0:5 h

�1

Mp
)i = 50:868� 0:196, with h
i = 1:838� 0:116. This


orresponds to a mean 
orrelation length r

0

= 4:240 � 0:572. Although the amplitudes at

r = 0:5 h

�1

Mp
) are mu
h larger than the ones dedu
ed from the three-dimensional esti-

mation, the values of r

0

are equal within the errors. This is due to the steeper slope of the

angular 
orrelation fun
tion, whi
h 
ompensates for the large amplitudes.

4.2.3 The proje
ted 
orrelation fun
tion

Before we give results for the proje
ted 
orrelation fun
tion (w(r

p

)), we have to make a


hoi
e for the appropriate integration limits (see equation (3.28)). Therefore we 
al
ulated

the proje
ted 
orrelation fun
tion for in
reasing integration limits, and �tted the amplitude

at r

p

= 0:5h

�1

Mp
) (the �t was done in the range �1:15 � log r

p

� 0:3). The result is shown

in �gure (4.5), the 
olors denote the di�erent se
tors of the LCRS, as before. The bla
k line

is the weighted mean of the four se
tors, as in the 
ase of the three-dimensional 
orrelation

fun
tion, the �eld-to-�eld variation is relatively large.

The amplitude of the proje
ted 
orrelation fun
tion rises very steeply with in
reasing in-

tegration limits, rea
hes a maximum when pe
uliar velo
ities be
ome unimportant and the

undistorted 
orrelation signal is sampled, and then slowly de
lines, be
ause the noise in-


reases. The maximum lies around �Æ
z � 3000kms

�1

.



32 CHAPTER 4. THE LCRS - LOCAL SAMPLE AND TEST

Figure 4.5: The amplitude of the proje
ted 
orrelation fun
tion at r

p

= 0:5h

�1

Mp
), versus

integration limits (�Æ
z), for the di�erent parts of the LCRS. The 
olors denote the same

se
tors as in �gure (4.3). The bla
k line is the weighted mean of the four se
tors.

The proje
ted 
orrelation fun
tion is 
al
ulated by multiplying the estimator �

esti

, with the

e�e
tive depth �r

k

(see Chapter 3), w(r

p

) = �

esti

��r

k

. �

esti

essentially relates the 
ounted

proje
ted distan
es to those whi
h 
an be found in a random distribution, and �r

k

is the

e�e
tive depth in whi
h those pairs of galaxies 
an be 
ounted. Figure (4.6) shows the de-

penden
e of �

esti

(�tted at r

p

= 0:5h

�1

Mp
) and �r

k

on the integration limits. At small

integration limits, �

esti

is relatively high and then de
reases fastly, be
ause the same kind of

s
aling relation applies as in the 
ase of the angular 
orrelation fun
tion (Peebles, 1980): the


orrelation signal is diminished when the sample depth in
reases, be
ause at a 
ertain angle

one samples an in
reasing number of pairs of galaxies with large physi
al speparations, whi
h

are more or less un
orrelated. Then the noise starts to dominate, and the amplitude de
reases

further. For small integration limits the distan
e �r

k

in
reases linearly with in
reasing lim-

its, whi
h is not surprising, be
ause at low redshifts and small redshift intervals, the redshift

distan
e relation 
an be approximated with the linear Hubble relation r = 
z=H. But sin
e

the sele
tion fun
tion of the survey (in form of the redshift distribution) is taken into a

ount

in the 
al
ulation of �r

k

, it 
onverges to a 
onstant value for Æ
z !1.

Both e�e
ts together lead to the observed 
ourse of the amplitude of the proje
ted 
orrelation

fun
tion. The errors of the redshift determinations are very small and thus have no in
uen
e

on the amplitude, but pe
uliar velo
ities (the galaxies in a 
luster have a velo
ity dispersion

of typi
ally �v � 2500 km s

�1

) do play a role and diminish the amplitude.
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Figure 4.6: Upper plot: the amplitude of �

esti

(see equation (3.30)), at r

p

= 0:5h

�1

Mp
). The


olors denote the same se
tors as in Figure (4.3), lower plot: the depth �r

k

in dependen
e of

the integration limits.
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Table 4.4: The amplitude of the three-dimensional 
orrelation fun
tion at r = 0:5h

�1

Mp
,

dedu
ed from the proje
ted 
orrelation fun
tion, and the 
orrelation length r

0

whi
h was


al
ulated from that.

Se
tor w(r

p

= 0:5h

�1

Mp
) /h

�1

Mp
 
 ) �(r = 0:5h

�1

Mp
) r

0

/h

�1

Mp


37-38 95:931 � 1:193 1:739 � 0:150 49:224 � 0:732 4:699 � 0:909

35-41 85:683 � 0:877 1:788 � 0:126 46:072 � 0:549 4:259 � 0:643

190-3 64:427 � 0:691 1:933 � 0:087 39:078 � 0:278 3:331 � 0:284

193-11 64:351 � 0:633 1:789 � 0:097 34:633 � 0:422 3:627 � 0:390

Table 4.5: Comparison of the values of �(r = 0:5h

�1

Mp
) derived in the three di�erent ways.

Se
tor �(r = 0:5 h

�1

Mp
) �(r = 0:5 h

�1

Mp
) from w(�) �(r = 0:5 h

�1

Mp
) from w(r

p

)

37-38 19:991 � 0:290 61:982 � 0:701 49:224 � 0:732

35-41 15:577 � 0:183 62:422 � 0:583 46:072 � 0:549

190-3 13:116 � 0:131 62:289 � 0:337 39:078 � 0:278

193-11 11:574 � 0:131 38:012 � 0:286 34:633 � 0:422

As we have shown, the amplitude of the proje
ted 
orrelation fun
tion rea
hes it's maximum

when the integration limits have the same size as the velo
ity dispersion. To 
apture the bulk

of the 
orrelation signal with a minimum of noise, the appropriate 
hoi
e of the integration

limits is given by the onset of the maximum { thus we 
hose Æ
z = 3000 km s

�1

for the


al
ulation of the proje
ted 
orrelation fun
tion in the LCRS.

Using equation (3.20) and �(r = 0:5h

�1

Mp
) = 0:5

�


r




0

, we 
an now 
al
ulate the amplitude

of the three-dimensional 
orrelation fun
tion at r

p

= 0:5h

�1

Mp
 from the �tted amplitude of

the proje
ted 
orrelation fun
tion:

�(r = 0:5h

�1

Mp
) =

0:5

�


w(r

p

)

Cr

1�


p

: (4.7)

We also give the 
orrelation length r

0

whi
h was 
al
ulated from the amplitude at r

p

=

0:5h

�1

Mp
). Table (4.4) shows the results.

The weighted mean is h�(r = 0:5 h

�1

Mp
)i = 39:802� 0:205, with h
i = 1:837� 0:054. This


orresponds to a 
orrelation length of r

0

= 3:713 � 0:218.

A 
omparison of all the values for �(r = 0:5 h

�1

Mp
), derived in the three di�erent ways is

given in Table (4.5).

Those values di�er signi�
antly from ea
h other, but if one takes into a

ount the di�erent

slopes, and 
al
ulates the 
orrelation length r

0

from the amplitude at r = 0:5 h

�1

Mp
 (as
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summarised in Table (4.6)), the values of r

0

are the same within their errors. A 
at slope 
an


ompensate for a low amplitude, if one extrapolates to larger s
ales.

Table 4.6: Comparison of the 
orrelation length r

0

, derived in the three di�erent ways.

Se
tor r

0

r

0

from w(�) r

0

from w(r

p

)

37-38 5:777 � 0:536 5:462 � 1:527 4:699 � 0:909

35-41 4:236 � 0:243 5:167 � 1:293 4:259 � 0:643

190-3 4:236 � 0:243 4:677 � 0:951 3:331 � 0:284

193-11 3:337 � 0:140 3:302 � 0:780 3:627 � 0:390

4.2.4 In
uen
e of the redshift errors on the 
orrelation fun
tion

Errors in the redshift measurement basi
ally lead to in
reasing noise in the 
orrelation signal.

If the 
lustering in redshift spa
e is more and more washed out (the redshift distribution

be
omes more and more Poisson-like), the amplitude de
reases, espe
ially at small s
ales.

To prove this assumption and to estimate the size of the e�e
t, we assigned arti�
ial errors

to the measured redshifts of the galaxies in the 
atalogue, pi
ked randomly from a Gaussian

error distribution:

ẑ = z +�z ; (4.8)

where �

z

is randomly drawn from the distribution

p(�z) =

1

p

2� �

exp

"

�0:5

�

�z

�

z

�

2

#

: (4.9)

With these arti�
ial errors we 
omputed �(r) and w(r

p

). As expe
ted, the three-dimensional

real spa
e 
orrelation fun
tion �(r) su�ers extremely from the in
rease of noise and the e�e
t

of the smeard-out 
orrelation signal along the line of sight. Figure (4.7) shows the 
orrelation

fun
tion of the galaxies in �eld 37-38, one 
al
ulation with �

z

= 0:007, and one 
al
ulation

with �

z

= 0:017. In velo
ity spa
e this 
orresponds to a full width at half maximum (FWHM)

of �
z = 2

p

2 ln 2 � 
�

z

= 5000 km s

�1

and �
z = 12000 km s

�1

, respe
tively. In both 
ases

the noise is too large (there are only three data points greater than zero) to re
over the 
or-

relation signal. E�e
tively the measurement breaks down 
ompletely even for �

z

= 0:007.

To evaluate the e�e
t of the redshift errors on the proje
ted 
orrelation fun
tion, we repeated

the 
al
ulation of w(r

p

) for in
reasing integration limits Æ
z, one time with an simulated

redshift error of �
z = 5000 km s

�1

, and a se
ond time with �
z = 12000 km s

�1

, whi
h


orresponds to the size of the CADIS redshift errors. Figure (4.8) shows the weighted mean

of the �tted amplitudes of the proje
ted 
orrelation fun
tion in the four se
tors, �tted at

r

p

= 0:5h

�1

Mp
, for in
reasing integration limits. The maximum of the 
urve is shifted

towards larger integration limits, for the 
al
ulation with �
z = 5000 km s

�1

, it 
an be

lo
ated at around Æ
z = 6000 km s

�1

. At this point, when the integration limits be
ome


learly larger than the error, one starts to sample the 
orrelation signal. Nevertheless, the
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Figure 4.7: The in
uen
e of redshift errors on the real spa
e two-point 
orrelation fun
tion

�(r)

maximum is not only shifted, but also the amplitude is smaller than in the 
ase without or

nearly without redshift errors. The noise, whi
h makes the distribution more poisson-like,

diminishes the amplitude, although the proje
ted 
orrelation fun
tion rea
ts not as sensitive

to redshift errors as the three-dimensional 
orrelation fun
tion. In the 
ase of the 
al
ulation

for �v = 12000 km s

�1

(whi
h 
orresponds to a depth that is almost as deep as the survey

itself), the maximum obviously lies in the range where the 
orrelation signal de
reases again

due to the s
aling relation, as explained above.

The important result of this investigation is that:

� the integration limits have to be 
hosen at least as large as the full width at half

maximum of the redshift error distribution to sample the 
omplete 
orrelation signal,

and

� one has to take into a

ount that the measured amplitude be
omes smaller, if redshift

errors ex
eed the noise due to pe
uliar velo
ities.

If we want to 
al
ulate the proje
ted 
orrelation fun
tion for the CADIS data, the appropriate


hoi
e of the integration limits is �Æ
z = 15000 km s

�1

.

In prin
iple there are two possibilities to take the in
uen
e of the redshift errors on the pro-

je
ted 
orrelation fun
tion into a

ount. To fa
ilitate the dire
t 
omparison of CADIS with

the LCRS, we simulate the in
uen
e of the redshift errors, and 
ompare CADIS with the
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Figure 4.8: The in
uen
e of redshift errors on the proje
ted two-point 
orrelation fun
tion,

shown is the weighted mean of the four se
tors. w(r

p

) for in
reasing integration limits is


al
ulated for an arti�
ial redshift error of �

z

= 0:007 (whi
h 
orresponds to a FWHM of

�
z = 5000 km s

�1

), dotted line, and for �

z

= 0:017 (� 12000 km s

�1

, dashed line. The errors

of the �ts are not plotted here to avoid 
onfusion. The blue marks indi
ate the integration

limits whi
h have to be 
hosen for the 
al
ulation of w(r

p

).

simulated LCRS data { whi
h in
ludes the same 
hoi
e of the integration limits. For a 
om-

parison with results published by of other authors, we 
an 
orre
t the measured amplitudes of

the CADIS data for the e�e
t: the maximum amplitude dedu
ed from the un
hanged LCRS

data is larger by a fa
tor of � 1:4 than the maximum amplitude of the data with simulated

redshift errors of the size of the CADIS redshift errors. Multiplying our measured amplitudes

with 1:4 will yield values whi
h 
an be 
ompared with the literature.
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Chapter 5

The evolution of galaxy 
lustering

In this 
hapter we will investigate the evolution of the large s
ale 
lustering of �eld galaxies.

The data set on whi
h this investigation was 
arried out, is the CADIS multi
olor sample, as

des
ribed in Chapter 2. For the 
omparison with the 
lustering properties of galaxies in the

lo
al universe we used the Las Campanas Redshift Survey. For the dire
t 
omparison with

CADIS, we introdu
e arti�
ial redshift errors in the LCRS data (see Chapter 4).

With redshift errors of �

z

= 0:017, as is the a

ura
y of the redshift determination for the

faintest galaxies (I > 22), whi
h was a
hieved using our spe
ial multi
olor method (Wolf

et al., 2001
)), it is obviously not possible to derive the 
orrelation length dire
tly from the

three dimensional 
orrelation fun
tion �(r) (see Chapter 4). However, it is possible to derive

it either from the angular 
orrelation fun
tion w(�), or the proje
ted 
orrelation fun
tion

w(r

p

).

For ea
h of the four CADIS �elds under 
onsideration we generate a 
atalogue of randomly

distributed galaxies, with the same properties as the real data - namely the same borders in

x and y 
oordinates, and with redshifts that follow a Gaussian distribution:

dN

dz

= 6:6 � 10

2

exp

"

�0:5

�

z � 0:6

0:35

�

2

#

; (5.1)

the smoothed mean redshift distribution of the galaxies in the four �elds in the redshift range

0 � z

<

�

1:1 (see Figure (2.4)).

"Same properties" does not only mean the same �eld geometry and smoothed redshift distri-

bution, but also to simulate the in
uen
e of bright stars in the �eld { they 
an 
over galaxies,

that therefore 
an not be a

ounted for in the 
al
ulation of the 
orrelation fun
tion.

Bright stars (R � 15:5) are masked out, nine in the 16 h �eld, nine in the 23 h �eld, one in

the 1 h �eld, and none in the 9 h �eld. For ea
h star the radius of the 
ir
les for the mask is


hosen su
h that the image pro�le has de
reased to the 
at minimum overall 
ountlevel.

39
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5.1 The angular 
orrelation fun
tion

Instead of simply 
al
ulating the angular 
orrelation fun
tion for the whole sample, we 
an

make use of the redshift information available, and 
al
ulate w(�) in distin
t redshift bins.

Then we 
an 
ompare the amplitudes with model 
al
ulations for di�erent evolution s
enarios.

We 
omputed the angular 
orrelation fun
tion w(�) for ea
h of the four CADIS �elds sepa-

rately, and then 
al
ulated the weighted mean:

< w(r

p

) > =

X

fields

2

4

w(r

p

)

field

�

2

w(r

p

)

field

3

5

�

2

4

X

fields

1

�

2

w(r

p

)

field

3

5

�1

(5.2)

=

�

w(r

p

)

1h

�

2

w(r

p

)

1h

+

w(r

p

)

9h

�

2

w(r

p

)

9h

+

w(r

p

)

16h

�

2

w(r

p

)

16h

+

w(r

p

)

23h

�

2

w(r

p

)

23h

�

�

1

�

2

w(r

p

)

1h

+

1

�

2

w(r

p

)

9h

+

1

�

2

w(r

p
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=
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(5.3)

=
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+
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+
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Figure (5.1) shows the angular 
orrelation fun
tion in four redshift intervals at 0:2 � z < 0:4,

0:4 � z < 0:6, 0:6 � z < 0:8, and 0:8 � z � 1:0, between angular s
ales of 1

00

<

�

�

<

�

400

00

.

The mean angular 
orrelation of the LCRS is also shown for 
omparison.

The data was �tted in the range �0:9

<

�

log �

<

�

0:5 (� in ar
min). The amplitude was �tted

at � = 1

0

, Table (5.2) lists the values found in the di�erent redshift bins. We also �tted the

amplitude at � = 1

0

, keeping the slope �xed at 1.964, the mean value of 
.

In Table (5.1) we list the physi
al separation whi
h 
orresponds to � = 1

0

at the 
entral

redshifts of the four bins, for three di�erent 
osmologies (


0

= 1, 


�

= 0, 


0

= 0:2, 


�

= 0,

and 


0

= 0:3, 


�

= 0:7, respe
tively).

Table 5.1: The physi
al separations in h

�1

Mp
 whi
h 
orrespond to � = 1

0

, in di�erent


osmologies.

hzi 


0

= 1, 


�

= 0 


0

= 0:2, 


�

= 0 


0

= 0:3, 


�

= 0:7

0.3 0.165 0.175 0.187

0.5 0.213 0.235 0.256

0.7 0.239 0.273 0.300

0.9 0.252 0.298 0.327
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Figure 5.1: The mean angular 
orrelation fun
tion of the CADIS multi
olor galaxies. Di�erent


olors refer to di�erent redshift intervals: light blue: 0:2 � z < 0:4, blue: 0:4 � z < 0:6, green:

0:6 � z < 0:8, red: 0:8 � z < 1:8. For 
omparison, the mean angular 
orrelation fun
tion of

the LCRS is also plotted (bla
k). The straight lines are the best �ts to the data points, �tted

in the range �0:9

<

�

log �

<

�

0:5.

Table 5.2: The amplitude of the CADIS 
orrelation fun
tion at � = 1

0

, in di�erent redshift

intervals.

z interval A

w

(1

0

) 
 A

w

(1

0

) for 
 = 1:965

0:2 � z < 0:4 0:116 � 0:010 1:936 � 0:361 0:114 � 0:018

0:4 � z < 0:6 0:084 � 0:050 1:928 � 0:285 0:083 � 0:011

0:6 � z < 0:8 0:042 � 0:005 2:270 � 0:509 0:058 � 0:014

0:8 � z < 1:0 0:084 � 0:007 1:717 � 0:702 0:081 � 0:019



42 CHAPTER 5. THE EVOLUTION OF GALAXY CLUSTERING

To examine how the 
lustering evolves with redshift, we use equation (3.13), from whi
h we


an 
al
ulate the theoreti
ally expe
ted amplitudes at � = 1

0

in the four redshift bins for

di�erent values of �, and 
ompare the theoreti
al amplitudes with the measurement. For the


orrelation length r

0

at z = 0, we 
ompute the 
omoving value from the angular 
orrelation

fun
tion of the LCRS sample (at �z = 0:1) { r

0

= 4:664 � 0:629h

�1

Mp
.

For the 
at 
osmology with non-zero 
osmologi
al 
onstant (


�

= 0:7) we have to use approx-

imations for the expressions for g(z) and d

A

. We 
ompute equation (3.13), following Longair

(1998) and Cabana
 et al. (2000):

g(z) =

�




H

0

�

1

(1 + z)

p




0

(1 + z)

3

� 


0

+ 1

(5.4)

d

A

=

�




H

0

�

"

z +

z

2

2

(1 + q

0

) +

z

3

6

(3 + 6q

0

+ 3q

2

0

� 3


0

)

#

; (5.5)

where

q

0

=




0

2

� 


�

: (5.6)

Equation (5.5) is a third-order approximation. Figure (5.2) shows the measured amplitudes

and the theoreti
al "evolution tra
ks" for the three di�erent 
osmologies and for 0 � � � 5.

A formal �

2

estimation of the best �tting � yields � = 1:590�0:132 for 


0

= 1, � = 1:107�0:134

for 


0

= 0:2, and � = 0:209�0:133 for 


0

= 0:3, 


�

= 0:7. The three 
orresponding evolution-

ary tra
ks are also plotted in Figure (5.2). The results are 
onsistent with linear 
lustering,

where the growth rate is highest for the 
losed high-density 
ase, and relatively low in the


at model with non-zero 
osmologi
al 
onstant.

We will now 
ompute the proje
ted 
orrelation fun
tion in di�erent redshift intervals, exam-

ine the evolution of the 
lustering, and then 
ompare the results.
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Figure 5.2: The �tted amplitudes of the angular 
orrelation fun
tion in four redshift bins;

open 
ir
les are the amplitudes �tted for 
 as a free parameter, �lled 
ir
les are amplitudes

�tted with 
 = 1:965 �xed. The 
ross is the amplitude of the angular 
orrelation fun
tion

of the LCRS. Expe
ted evolution of the amplitudes (A

w

(� = 1

0

; z)) for di�erent values of �:

green 
urves are for 


0

= 0:2, magenta 
urves are for 


0

= 1, and blue 
urves are for a 
at

model with non-zero 
osmologi
al 
onstant (


0

= 0:3, 


�

= 0:7). In all 
ases the uppermost


urve is for �

0

= 0, ea
h su

eeding 
urve is for �

n

= n, n 2 N . The thi
k lines are the

supposed "best-�ts".
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5.2 The proje
ted 
orrelation fun
tion

To investigate the evolution of the 
lustering of �eld galaxies between z = 0 and z � 1, we

use the inversion of the proje
ted 
orrelation fun
tion w(r

p

). This approa
h does make use

of the redshift information, although an integration is 
arried out along the line of sight.

Before pro
eeding any further, we have to make a 
hoi
e for the integration limits in equa-

tion (3.27). In Chapter 4 it was shown how errors in the redshift measurement in
uen
e the

measurement of the proje
ted 
orrelation fun
tion. Therefore we have to take the integration

limits slightly larger than the size of the errors (�

z

= 0:017, whi
h 
orresponds to a FWHM

of �
z = 12000 km s

�1

). We 
al
ulated the proje
ted 
orrelation fun
tion for the galaxies

in the redshift range 0:4 � z � 0:8, for in
reasing integration limits, see Figure (5.3), and

�tted the amplitude at r

p

= 316h

�1

kp
 with 
 as a free parameter, between � 20h

�1

kp


and � 500h

�1

kp
. The solid line is the weighted mean of the di�erent CADIS �elds (other

lines).

The di�erent �elds behave quite di�erently, with the s
atter getting larger with in
reasing

integration limits. To 
apture the bulk of the 
orrelation signal with a minimum of noise,

we 
hose Æ
z = 15000 km s

�1

for the appropriate integration limits of the 
al
ulation of w(r

p

).

We divided the sample into three redshift bins, 0:2 � z < 0:5, 0:5 � z < 0:75, and 0:75 � z <

1:07, and 
omputed w(r

p

) for ea
h of these bins. For ea
h distin
t bin with mean redshift

�z, we have to take the sele
tion fun
tion %

pair

of �nding pairs of galaxies into a

ount, see

equation (3.32). Sin
e the redshift distribution of a 
ertain redshift bin does not "know" what

lies outside, the normalisation 
an not be taken outside { e.g. at the maximum of the total

distribution { it has to be 
hosen for ea
h single redshift bin. Instead of taking the squared

redshift distribution (normalised to unity at the mean redshift �z in that bin), we multiply the

redshift distribution of the whole sample with its re
e
tion (re
e
ted at z = �z), and normalise

this produ
t to unity at z = �z:

%

pair

= exp

"

�0:5

�

z � 0:6

0:35

�

2

#

� exp

"

�0:5

�

2�z � z � 0:6

0:35

�

2

#

�

"

exp

"

�0:5

�

�z � 0:6

0:35

�

2

##

�2

:(5.7)
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Figure 5.3: Top: Proje
ted 
orrelation fun
tion of the galaxies between z = 0:4 and z = 0:8,

for integration limits Æ
z between 5000 and 30000. The dotted lines indi
ate the distan
e

range, in whi
h the amplitudes are �tted. Below: �tted amplitudes at r

p

= 316h

�1

kp
 { the

solid line is the weighted mean of the di�erent CADIS �elds (dotted line: 1 h, short-dashed:

16 h, dot-dashed: 23 h, and long-dashed: 9 h).
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The proje
ted 
orrelation fun
tion for di�erent world models

Up to this point we have 
omputed w(r

p

) for a 
at universe with no 
osmologi
al 
onstant

(


0

= 1:, 


�

= 0). In the 
ase of the LCRS, this was justi�ed by the modest depth of the

�elds. A non-zero 
osmologi
al 
onstant would not 
hange the results in a signi�
ant way.

For the CADIS data, where the redshift distribution extends well beyond z = 1, we have to

take di�erent world models into a

ount. We 
omputed w(r

p

) for three di�erent 
ases: The


at universe with 


�

= 0, an open model with 


0

= 0:2, and the model favoured by re
ent

observations of supernovae of type Ia (Perlmutter et al., 1999), with 


0

= 0:3, and 


�

= 0:7.

Using the data from the LCRS, we 
an 
onne
t the CADIS measurements at intermediate red-

shifts to the "lo
al" universe. The LCRS extends to z � 0:16, with a median of �z = 0:1. Sin
e

the redshifts of the LCRS data are spe
tros
opi
ally determined, the errors are extremely

small (�


z

= 66:7 km s

�1

, and the results of the 
al
ulation of the proje
ted 
orrelation fun
-

tion 
an not dire
tly be 
ompared to the CADIS measurement. The in
uen
e of the errors on

the proje
ted 
orrelation fun
tion was tested in Chapter 4 { the amplitude de
reases, even if

the integration limits are 
hosen su
h that the 
orresponding distan
e is larger than the errors.

To fa
ilitate the dire
t 
omparison, we 
an in
orporate arti�
ial redshift errors (of the same

size as the errors of the CADIS sample, �
z = 12000 km s

�1

) to the LCRS sample (see

se
tion (4.2.4)), and 
ompare the resulting amplitudes of the proje
ted 
orrelation fun
tion.

Therefore we 
omputed w(r

p

) for the three 
osmologies under 
onsideration, with integration

limits Æ


z

= 15000 km s

�1

.

Figure (5.4) shows the proje
ted 
orrelation fun
tion for the 
at standard model, an open

model, and for the 
at model with non-zero 
osmologi
al 
onstant. In all three 
ases the

"lo
al" w(r

p

) (bla
k) is the weighted mean of all se
tors of the LCRS (see Chapter 4).

It is now of little use to estimate the 
orrelation length r

0

from the measurement, sin
e it is

in any 
ase far outside the measured range of distan
es. The CADIS data was �tted in the

range �1:7 � log r

p

� �0:3, and the LCRS data in the range �1:15 � log r

p

� 0:3. The

amplitude was �tted at r

p

� 316h

�1

kp
 for CADIS, and for r

p

� 500h

�1

kp
 for the LCRS,

respe
tively, to make sure we 
ompare the same 
omoving s
ales (� 500h

�1

kp
). The best

�ts are plotted in Figure (5.4) as well.
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Figure 5.4: Proje
ted 
orrelation fun
tion in three redshift bins, for the 
at standard model

(top), an open model (middle), and for a 
at universe with a non-zero 
osmologi
al 
onstant

(below).
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5.2.1 Conne
tion to the "lo
al universe"

Sin
e the purpose of this evaluation is to 
ompare the 
lustering strength at di�erent 
osmi


epo
hs, we 
an 
al
ulate the amplitude of the 
orrelation fun
tion at r = 1h

�1

Mp
 from

w(r

p

), instead of r

0

. With equation (3.20), and �(r) = (r=r

0

)

�


we �nd:

�(r = 1Mp
) = r




0

(5.8)

w(r

p

) = Cr

1�


p

r




0

= Cr

1�


p

�(r = 1Mp
) (5.9)

To fa
ilitate a dire
t 
omparison of the possible 
hanges, we 
ompute the amplitude for a


omoving distan
e r


om

= 1Mp
 (r




0

! (r

0

(1 + z))




):

�(r


om

= 1Mp
) =

w(r

p

)(1 + z)




Cr

1�


p

(5.10)

=

w(r

p

)(1 + z)




�

�(1=2)�[(
�1)=2℄

�(
=2)

�

r

1�


p

: (5.11)

The errors for the 
orrelation length are 
al
ulated following Gaussian error propagation:

��(r


om

= 1Mp
) =

v

u

u

t

 

��(r


om

= 1Mp
)

�w(r

p

)

�w(r

p

)

!

2

+

�

��(r


om

= 1Mp
)

�


�


�

2

where

��(r


om

= 1Mp
)

�w(r

p

)

=

(1 + z)




�

�




2

�

p

��

h




2

�

1

2

i

r

1�


p

; (5.12)

��(r


om

= 1Mp
)

�


=

w(r

p

)(z + 1)




�

�
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h
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1
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i
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(5.13)

 

(0)

, the digamma fun
tion, is the logarithmi
 derivative of the gamma fun
tion.

The �tted amplitudes A at r

p

� 316h

�1

kp
 for CADIS and at r

p

� 500h

�1

kp
 for the LCRS,

respe
tively, and the amplitude of the three-dimension 
orrelation fun
tion at r


om

= 1Mp


derived from them, are listed in Table (5.3) (for 
 as a free parameter).

The di�eren
es between the values in di�erent world models are small, however, �(r


om

=

1Mp
) is at all redshifts smallest for a 
at high-density 
osmology, and largest in the 
at


ase with non-zero 
osmologi
al 
onstant. The proje
ted separation r

p


orresponding to the

same angle � is larger for smaller values of 


0

, and even larger if 


�

6= 0 (see Table (5.1)).

This means that the physi
al distan
es are stret
hed (or 
ompressed, respe
tively) 
orre-

sponding to the 
osmology, and the proje
ted 
orrelation fun
tion is shifted along the r

p

-axis.

Sin
e those di�eren
es are in
reasing with in
reasing redshift, the size of this "shift" depends

on redshift, and we expe
t to measure a slightly di�erent evolution of the 
orrelation fun
tion.
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Table 5.3: The amplitude of the proje
ted 
orrelation fun
tion in di�erent redshift intervals, at

r

p

� 316h

�1

kp
 for CADIS and at r

p

� 500h

�1

kp
 for the LCRS (�rst lines), respe
tively,

and �(r


om

= 1h

�1

Mp
), for di�erent world models. Numbers in itali
 indi
ate that this

values are inferred from the LCRS.

Model z interval A 
 �(r


om

= 1Mp


0.04� z � 0.16 32.05�0.796 1.876�0.180 5.999�0.124




0

= 1:0 0:2 � z < 0:5 17:271�0:770 1:835 � 0:203 3:210 � 0:143




�

= 0 0:5 � z < 0:75 9:160�0:822 1:895 � 0:295 2:414 � 0:234

0:75 � z < 1:07 3:881�0:831 2:026 � 0:359 1:431 � 0:318

0.04� z � 0.1 33.297�0.732 1.886�0.163 6.198�0.215




0

= 0:2 0:2 � z < 0:5 21:441�0:857 1:805 � 0:207 3:981 � 0:163




�

= 0 0:5 � z < 0:75 12:202�0:925 1:922 � 0:289 3:226 � 0:261

0:75 � z < 1:07 5:013�0:957 1:975 � 0:446 1:831 � 0:389

0.04� z � 0.16 33.678�0.786 1.882�0.183 6.148�0.334




0

= 0:3 0:2 � z < 0:5 23:404�1:012 1:850 � 0:221 4:348 � 0:188




�

= 0:7 0:5 � z < 0:75 15:721�1:082 1:966 � 0:261 4:170 � 0:293

0:75 � z < 1:07 6:195�1:260 2:113 � 0:485 2:311 � 0:485

Quanti�
ation of the evolution

To quantify the evolution of the 
lustering strength, we 
an now estimate the parameter q

(see equation (3.21)) from the data. Figure (5.5) shows the logarithm of the amplitudes of

the real spa
e 
orrelation fun
tion at 1h

�1

Mp
, versus log(1+z). Then q is simply the slope

of the straight line �tted into the data.

For the 
losed model we �nd q = �2:68 � 0:16, for the open model we �nd �1:92 � 0:17,

and for the model with non-zero 
osmologi
al 
onstant q = �1:23 � 0:20. q gives dire
tly

the deviation from the global Hubble 
ow (see Chapter 3): large negative q-values indi
ate

a rapid growth of the 
lustering strength between a redshift of z � 1 and today, q = �2 is

expe
ted for linear growth of stru
ture, a value of q � �1:3 means that at z � 1 there exists

already the same kind of stru
ture as we see today, and the 
lustering growth is due to the

dilution of the galaxy ba
kground. Although the individual values of �(r


om

= 1Mp
) are

rather 
onsistent for the di�erent 
osmologies under 
onsideration, the values of q do not agree

within their errors. This formal dependen
y on the 
osmology adopted for the 
al
ulation is

mu
h larger than expe
ted from the di�eren
e in physi
al s
ale (see Table (5.1)). We regard

this as an indi
ation that the pe
uliarities in our pen
il beams have not averaged out properly

yet. Presumably high statisti
s and more �elds are required to rea
h a robust determination

of q. Note that the mean of the above values (q � �1:9) agrees well with the value derived

in COMBO 17 (see Chapter 6).
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Figure 5.5: The evolution of the 
lustering strength (at 1h

�1

Mp
) with redshift. The line is

the �t to the data points, the �rst data point is the weighted mean of the LCRS se
tors, the

three other ones are CADIS data.
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Table 5.4: Comparison between the values of �(r = 1h

�1

Mp
) 
al
ulated by using the results

from the angular 
orrelation fun
tion, with the values dedu
ed from the proje
ted 
orrelation

fun
tion (amplitudes have been multiplied with 1.4 to 
orre
t for the in
uen
e of redshift

errors).

Model z interval �(r


om

= 1h

�1

Mp
) from w(�) �(r


om

= 1h

�1

Mp
)from w(r

p

)

0:2 � z < 0:5 4:868 � 0:223 4:494 � 0:200




0

= 1

0:5 � z < 0:75 2:956 � 0:143 3:379 � 0:328




�

= 0

0:75 � z < 1:07 1:914 � 0:977 2:003 � 0:445

0:2 � z < 0:5 5:627 � 0:257 5:573 � 0:228




0

= 0:2

0:5 � z < 0:75 3:738 � 0:181 4:516 � 0:365




�

= 0

0:75 � z < 1:07 2:616 � 0:134 2:563 � 0:545

0:2 � z < 0:5 6:497 � 0:289 6:088 � 0:264




0

= 0:3

0:5 � z < 0:75 5:097 � 0:241 5:838 � 0:411




�

= 0:7

0:75 � z < 1:07 4:125 � 0:206 3:235 � 0:678

Comparison with w(�)

We 
an now 
ompare this result with the result found from the examination of the angu-

lar 
orrelation fun
tion. We found � = 1:590 � 0:132 for 


0

= 1, � = 1:107 � 0:134 for


 = 0:2, and � = 0:209 � 0:133 in the 


0

= 0:3, 


�

= 0:7 
ase. With h
i = 1:964 � 0:195,

r

0

(z) = r

0;z=0

(1+z)

�(�+3=
)

(in this relation r

0

is in proper 
oordinates, as would be measured

by an observer in the epo
h under 
onsideration), and r

0;z=0

= 4:664 � 0:629h

�1

Mp
 (de-

du
ed from the angular 
orrelation fun
tion of the LCRS data), we 
an 
al
ulate the expe
ted

values of �(r


om

= 1h

�1

Mp
), and 
ompare them with the values dedu
ed from the proje
ted


orrelation fun
tion. In the 
ase of the proje
ted 
orrelation fun
tion we have to take the

in
uen
e of redshift errors into a

ount. The measured amplitudes are de
reased by a fa
tor

of 1:4 (see Chapter 4), so we 
an 
orre
t for the in
uen
e of the redshift errors by multiplying

the measured amplitudes by 1.4, and then with equation (5.8) 
al
ulate �(r


om

= 1h

�1

Mp
)

from the 
orre
ted amplitudes. Table (5.4) 
ompares the values.

The amplitudes of �(r


om

) at 1h

�1

Mp
 are equal within the errors. Thus we 
on
lude, that

both methods lead to the same result.

5.2.2 The evolution of the 
orrelation fun
tion for di�erent Hubble types

Di�erent lo
al surveys found the red galaxies to be 
lustered mu
h stronger than the blue

ones (Davis & Geller, 1976). Here we show that this is indeed the 
ase, not only for z = 0,

and investigate the evolution of the 
lustering for di�erent Hubble types.

The galaxy library used for the multi
olor 
lassi�
ation resembles regular grids in redshift and

SED, see Chapter 2, thus the Hubble type 
an also be estimated from the observations. This

enables us to investigate the evolution of the 
lustering of di�erent populations of galaxies in

the �eld.
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Table 5.5: The amplitude of the CADIS 
orrelation fun
tion at � = 1

0

in di�erent redshift

intervals, for galaxies with SED � 60, and SED > 60.

z interval A

w

(SED � 60) 
 A

w

(SED > 60) 


0:2 � z < 0:4 0:519 � 0:088 1:904 � 0:289 0:048 � 0:010 2:427 � 0:929

0:4 � z < 0:6 0:208 � 0:022 1:727 � 0:541 0:065 � 0:007 2:175 � 0:504

0:6 � z < 0:8 0:091 � 0:014 2:222 � 0:774 0:060 � 0:011 1:974 � 0:970

0:8 � z < 1:0 0:159 � 0:035 2:651 � 0:824 0:073 � 0:009 2:061 � 1:110

We devided the sample into two SED bins, with SED � 60, and SED > 60, respe
tively.

For ea
h SED bin we have to generate a sample of randomly distributed data points within

the same �eld geometry. The redshift distribution for the red galaxies (SED � 60) 
an be

modeled with a Gaussian with its maximum at �z = 0:55, and width � = 0:3, the blue galaxies

with a modi�ed Gaussian:

dN

dz

blue

= 2:95 � 10

2

exp

"

�0:5

�

z � 0:6

0:4

�

4

#

; (5.14)

see Figure (5.6).

We 
an now 
al
ulate both angular and proje
ted 
orrelation fun
tion, and analyse the results.

Angular 
orrelation fun
tion

For the angular 
orrelation fun
tion, we divided the two samples into the same redshift bins

as before, 0:2 � z < 0:4, 0:4 � z < 0:6, 0:6 � z < 0:8, and 0:8 � z < 1:0, respe
tively. Figure

(5.7) shows the 
omparison between angular 
orrelation fun
tion of the red galaxies and the

blue galaxies, and the �tted amplitudes at � = 1

0

in the four redshift bins for the two SED

bins, for the range �0:9 � log � � 0:5. Table (5.5) lists the �tted amplitudes and exponents.

It is obvious that the early type galaxies are stronger 
lustered than the late type ones.

The 
al
ulation of the evolutionary parameter � from w(�) depends strongly on the value of

r

0

(z = 0), whi
h we do not know for the subsamples under 
onsideration. We 
an not use

the LCRS for this, and there exists no suitable 
atalogue of lo
al galaxies whi
h 
onsists of

exa
tly the same population mix as our subsamples. The values measured for r

0

at z = 0


ertainly depend on the SED 
ut as well as the values at higher redshifts. To quantify the

evolution of the 
lustering strength, we also 
omputed the proje
ted 
orrelation fun
tion,

with Æ
z = 15000 km s

�1

, in the same redshift bins as we did in se
tion (5.2).
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Figure 5.6: Redshift distribution of the galaxies in two redshift bins (SED � 60, upper �gure,

and SED > 60, lower �gure, respe
tively).
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Figure 5.7: Upper plot: The angular 
orrelation fun
tion of CADIS galaxies with SED < 60

(red), and with SED > 60 (blue). The di�erent symbols refer to the di�erent redshift bins:

open 
ir
les { 0:2 � z < 0:4, open squares { 0:4 � z < 0:6, asterisks: 0:6 � z < 0:8, triangles:

0:8 � z � 1:0. Lower plot: amplitudes of the angular 
orrelation fun
tion at � = 1

0

in the

two SED bins. Blue: SED > 60, red: SED < 60, bla
k: all galaxies.
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Table 5.6: The amplitude of the proje
ted 
orrelation fun
tion at r

p

= 316h

�1

kp
, in di�erent

redshift intervals for two SED bins, for di�erent world models.

Model z interval A(SED � 60) 
 A(SED > 60) 


0:2 � z < 0:5 46:398 � 1:808 1:906 � 0:239 7:310 � 1:476 2:140 � 0:462




0

= 1:0

0:5 � z < 0:75 24:229 � 1:539 2:149 � 0:279 7:097 � 1:742 2:053 � 0:650




�

= 0

0:75 � z < 1:07 9:904 � 3:524 2:527 � 1:355 7:398 � 1:158 1:941 � 0:425

0:2 � z < 0:5 50:085 � 1:791 1:998 � 0:204 8:147 � 1:587 2:120 � 0:504




0

= 0:2

0:5 � z < 0:75 27:117 � 1:601 2:012 � 0:337 5:502 � 1:710 2:317 � 0:703




�

= 0

0:75 � z < 1:07 14:241 � 3:336 2:585 � 1:247 6:280 � 1:286 1:302 � 2:512

0:2 � z < 0:5 63:926 � 2:100 1:998 � 0:231 6:128 � 2:092 2:474 � 0:602




0

= 0:3

0:5 � z < 0:75 39:224 � 1:801 2:072 � 0:216 11:910 � 2:879 2:066 � 0:941




�

= 0:7

0:75 � z < 1:07 19:531 � 4:179 2:157 � 1:196 9:785 � 1:833 1:996 � 0:565

Table 5.7: The amplitudes of the three-dimensional 
orrelation fun
tion �(r) at a 
omoving

distan
e of r = 1Mp
, for red (SED � 60) and blue (SED > 60) galaxies.

Model z interval �(r


om

= 1Mp
, SED � 60) �(r


om

= 1Mp
, SED > 60)

0:2 � z < 0:5 8:598 � 0:367 1:301 � 0:305




0

= 1:0

0:5 � z < 0:75 6:408 � 0:431 1:886 � 0:463




�

= 0

0:75 � z < 1:07 3:693 � 1:381 2:681 � 0:501

0:2 � z < 0:5 9:184 � 0:441 1:458 � 0:336




0

= 0:2

0:5 � z < 0:75 7:204 � 0:427 1:425 � 0:473




�

= 0

0:75 � z < 1:07 5:282 � 1:410 1:301 � 7:541

0:2 � z < 0:5 11:722 � 0:574 0:973 � 0:411




0

= 0:3

0:5 � z < 0:75 10:717 � 0:517 3:163 � 0:768




�

= 0:7

0:75 � z < 1:07 7:315 � 1:708 3:588 � 0:776

Proje
ted 
orrelation fun
tion

Figure (5.8) shows w(r

p

) for the di�erent redshift bins, for a 
at 
losed, hyperboli
 open, and

a 
at 


�

= 0:7 model, respe
tively. Table (5.6) lists the amplitudes at r

p

= 316h

�1

kp
,

�tted between � 20h

�1

kp
 and � 500h

�1

kp
, just as in se
tion (5.2).

The 
orresponding amplitudes of the three-dimensional 
orrelation fun
tion �(r) at a 
omov-

ing distan
e of r


om

= 1h

�1

Mp
 are given in Table (5.7).

Figure (5.9) shows the amplitudes of the three-dimensional 
orrelation fun
tion �(r) at a 
o-

moving distan
e of r = 1Mp
, for red (SED � 60) and blue (SED > 60) galaxies, for the

di�erent world models under 
onsideration. For 
omparison the data points for the whole

sample are also plotted. The lines are the �ts for the q-parameter, the data point from the

LCRS is not in
luded in the �ts for the early type galaxies.
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Figure 5.8: The proje
ted 
orrelation fun
tion in three di�erent redshift bins, upper �gure:


at 
losed model (


0

= 1, 


�

= 0); middle: hyperboli
 open model (


0

= 0:2, 


�

= 0), lower

�gure: 
at 
 model (


0

= 0:3, 


�

= 0:7). Red is for early type, blue for late type galaxies.
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Figure 5.9: The evolution of the 
lustering strength (at 1Mp
) with redshift, for early type

(SED � 60) and late type (SED > 60) galaxies. The data for the 
omplete sample is plotted

for 
omparison. The �rst data point (the weighted mean of the LCRS se
tors), is not in
luded

in the �t for q.
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Table 5.8: The parameter q for early type (SED � 60) and late type (SED > 60) galaxies,

for the di�erent world models under 
onsideration. The evolution of the 
omplete sample is

also shown for 
omparison. The data point from the LCRS is not in
luded in the �t for early

and late type galaxies.

Cosmology q(SED � 60) q

all




0

= 1:0, 


�

= 0:0 �1:71� 0:39 �2:68� 0:16




0

= 0:2, 


�

= 0:0 �1:37� 0:36 �1:92� 0:17




0

= 0:3, 


�

= 0:7 �0:67� 0:33 �1:23� 0:20

As 
ould already be seen in the 
ase of the angular 
orrelation fun
tion, the early type galax-

ies are signi�
antly stronger 
lustered than the late type ones, and their evolution is di�erent

from the evolution of the whole sample. The evolution of the late type galaxies 
an not be

quanti�ed, be
ause the number of galaxies with SED > 60 is not enough to 
al
ulate the

amplitude of the three-dimensional 
orrelation fun
tion with suÆ
iently high a

ura
y. The


lustering amplitude is very low in any 
ase, but q 
an not be determined. For the early type

galaxies, q is found to be signi�
antly smaller than the value for the whole sample. Table

(5.8) lists q for the late type sample, and 
ompares them to the values found for the 
omplete

sample.

The 
lustering evolution of early type galaxies is obviously mu
h slower than for the whole

sample, whose 
lustering behaviour is roughly 
onsistent with linear 
lustering. This does

not inevitably imply that we have to deal with a population of galaxies whi
h a
t as "test-

parti
les", that simply tra
e the expansion of the universe. A more plausible explanation for

this behaviour arises in the 
ontext of biased galaxy formation (Bardeen et al., 1986), where

the galaxies form at high redshift in the high-density peaks of the dark matter distribution,

and their 
lustering evolves di�erent from the 
lustering of the dark matter, see Chapter 6.

5.2.3 The bright and the faint ones

If massive, bright galaxies form in the high density peaks of the dark matter distribution

(whi
h are strongly 
lustered (Kaiser, 1984)), one expe
ts the brighter galaxies to be more

strongly 
lustered than the fainter ones. We divided our sample at M

B

= �18:, whi
h is

approximately the brightness of the Large Magellani
 Cloud. With this magnitude 
ut, we

only have enough faint galaxies to 
al
ulate the 
orrelation fun
tion at relatively low redshifts.

Therefore we restri
t the analysis of the 
lustering properties of bright and faint galaxies to

the redshift range 0:3 � z � 0:6.

Sin
e the absolute magnitude depends on the 
osmology 
hosen for the 
omputation of the

luminosity distan
e (see appendix (B)), the redshift distribution of (absolute) faint and bright

galaxies is slightly di�erent for di�erent world models. This is shown in Figure (5.10).

For all 
osmologies and z � 1:1, the smoothed redshift distribution of the faint galaxies 
an
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Figure 5.10: Redshift distribution of faint (M

B

> �18) and bright (M

B

� �18) galaxies, for

the di�erent 
osmologies under 
onsideration in this work.

be des
ribed with a modi�ed Maxwellian:

dN

dz

= n

0

� (z + ẑ)

2

exp

"

�0:5

�

z

�̂

z

�

2

#

; (5.15)

and for the bright galaxies with a modi�ed Gaussian:

dN

dz

= n

0

� exp

"

�0:5

�

z � �z

��

z

�

4

#

: (5.16)

Table (5.9) gives �z, ẑ, ��

z

and �

z

for for bright and faint galaxies, for the di�erent 
osmologies.

Table 5.9: Parameter for the des
ription of the redshift distribution of faint and bright galaxies

in di�erent world models.

Model ẑ �̂

z

�z ��

z




0

= 1:0, 


�

= 0:0 0.2 0.29 0.72 0.32




0

= 0:2, 


�

= 0:0 0.18 0.27 0.7 0.32




0

= 0:3, 


�

= 0:7 0.2 0.25 0.7 0.32
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Table 5.10: Amplitudes of the angular 
orrelation fun
tion at � = 1

0

, for bright (M

B

< �18)

and faint M

B

� �18 galaxies.

Cosmology A

w

(M

B

� �18) 
 A

w

(M

B

< �18) 





0

= 1:0, 


�

= 0:0 0:098 � 0:009 1:971 � 0:393 0:125 � 0:008 1:617 � 0:437




0

= 0:2, 


�

= 0:0 0:096 � 0:009 2:066 � 0:426 0:128 � 0:007 1:723 � 0:332




0

= 0:3, 


�

= 0:7 0:085 � 0:008 1:948 � 0:447 0:115 � 0:006 1:744 � 0:342

Angular 
orrelation fun
tion

Again we 
omputed the angular 
orrelation fun
tion to get a qualitative insight with better

number statisti
s, and the proje
ted 
orrelation fun
tion, to derive a quantitative des
ription

of the 
lustering of bright and faint galaxies.

Figure (5.11) shows the angular 
orrelation fun
tion of bright and faint galaxies between

0:3 � z � 0:6, in 
omparison with the angular 
orrelation fun
tion of all galaxies, for the

three di�erent 
osmologies, respe
tively. Table (5.10) gives the amplitudes at � = 1

0

.

The amplitude of the bright galaxies is 
learly higher than that of the faint ones.
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Figure 5.11: The angular 
orrelation fun
tion of bright and faint galaxies between 0:3 � z �

0:6, in 
omparison with the angular 
orrelation fun
tion of all galaxies, for the three di�erent


osmologies.
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Table 5.11: Amplitudes of the proje
ted 
orrelation fun
tion at r

p

� 316 kp
, for bright

(M

B

< �18) and faint M

B

� �18 galaxies.

Cosmology A(M

B

� �18) 
 A(M

B

< �18) 





0

= 1:0, 


�

= 0:0 6:756 � 0:907 2:086 � 0:381 15:126 � 1:068 1:913 � 0:292




0

= 0:2, 


�

= 0:0 8:681 � 0:939 2:136 � 0:331 19:997 � 1:193 1:772 � 0:322




0

= 0:3, 


�

= 0:7 12:444 � 1:138 2:003 � 0:367 22:237 � 1:430 1:853 � 0:321

Table 5.12: Amplitudes of the three-dimensional 
orrelation fun
tion at r


om

= 1h

�1

Mp
,

for bright (M

B

< �18) and faint M

B

� �18 galaxies.

Cosmology �(r


om

= 1h

�1

Mp
),(M

B

� �18) �(r


om

= 1h

�1

Mp
),(M

B

< �18)




0

= 1:0, 


�

= 0:0 1:414 � 0:207 3:213 � 0:227




0

= 0:2, 


�

= 0:0 1:802 � 0:224 4:204 � 0:333




0

= 0:3, 


�

= 0:7 2:631 � 0:256 4:716 � 0:315

Proje
ted 
orrelation fun
tion

We 
omputed the proje
ted 
orrelation fun
tion for bright and faint galaxies with Æ
z =

15000 km s

�1

in the same redshift interval. For the 
al
ulation of the e�e
tive depth we used

the above mentioned redshift distribution, see equation (5.16), and (5.15), respe
tively, and

Table (5.9). The results for the di�erent 
osmologies under 
onsideration in this thesis are

shown in Figure (5.12).

The amplitudes of the proje
ted 
orrelation fun
tion at r

p

� 316 kp
 are given in Table (5.11),

Table (5.12) lists the 
orresponding amplitudes of the three-dimensional 
orrelation fun
tion

at r


om

= 1h

�1

Mp
, whi
h have been dedu
ed by means of equation (5.10).

We �nd that the amplitude of the three-dimensional 
orrelation fun
tion of the bright galaxies

is larger by a fa
tor of � 2 than the amplitude of 
orrelation fun
tion of the faint galaxies.

Figure (5.13) shows the values of bright and the faint ones in 
omparison with the amplitudes

of the whole sample. Additionally plotted are the amplitudes of the early type and late type

galaxies, as in Figure (5.9).

The amplitude of the bright galaxies is a bit larger than the total amplitude at that redshift,

but not as large as the amplitude of the early type galaxies. The faint galaxies are mu
h

lower 
lustered, their amplitude 
an be found in the same region as the amplitudes of the

late type galaxies. Obviously the di�eren
e in the 
lustering strength for subsamples of dif-

ferent Hubble types is larger than for subsample with di�erent rest-frame B band luminosities.

This result 
orroborates the hypothesis that the di�eren
es in the evolution of 
lustering of

galaxies are not only determined by the lo
us of their formation (large, bright galaxies form in

the rare high density peaks and are thus more strongly 
lustered), but also on their evolution.



5.2. THE PROJECTED CORRELATION FUNCTION 63

The faint sample is more dominated by late type galaxies than the bright sample, the ratio

of late type (SED � 60) to early type (SED < 60) galaxies is � 1:7, whereas for the bright

sample it is � 1:3. This might be the reason why the amplitude of the faint sample has more

or less the same value than the starburst galaxies, and the amplitude of the bright sample,

whi
h 
ontains bright, younger galaxies as well as the older population, is only slightly higher

than the total amplitude.

If faint (late type) galaxies are less strongly 
lustered than the bright ones at all redshifts,

then if we would see the same population mix of galaxies also in the highest redshift bin,

the 
lustering evolution would be even steeper than we have measured. However, the faint

galaxies are not seen at higher redshifts (see Figure (5.10)), and the 
orrelation fun
tion in

the highest redshift bin between z = 0:75 and 1:07 is 
ompletely dominated by the bright

population.

Also the 
omoving number density of starburst galaxies, whi
h are always less 
lustered than

the rest, in
reases with in
reasing redshifts, and the spa
e density of the highly 
lustered very

early type (E-Sa) galaxies de
reases by a fa
tor of � 1:6 from z = 0 to z = 1 (Fried et al.,

2001).

Therefore we expe
t the measured growth for a deeper sample (deeper than I � 23) to be

even stronger.
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Figure 5.12: The proje
ted 
orrelation fun
tion of bright and faint galaxies between 0:3 �

z � 0:6, for the three di�erent 
osmologies.
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Figure 5.13: The amplitudes of the 
orrelation fun
tion at r


om

= 1h

�1

Mp
 of bright and

faint galaxies, in 
omparison with the whole sample, and the early and late type galaxies.
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5.2.4 The 
ross-
orrelation between the faint and the bright galaxies

We also 
omputed the 
orrelation between bright and faint galaxies, to 
he
k whether the


orrelation signal on the very smallest s
ales is dominated by the distan
es between bright

primaries and their faint satellites. We 
al
ulated this 
ross-
orrelation in the same redshift

bin as we did for the 
orrelation of bright and faint galaxies (0:3 � z � 0:6), by 
omparing

the distan
es between the galaxies in the two samples (hD

f

D

b

i), with the distan
es between

two randomly distributed samples of galaxies (hR

f

R

b

i) whi
h follow the smoothed redshift

distribution of bright and faint galaxies, respe
tively (see equation (5.15), and (5.16)). The

estimator for the 
orrelation fun
tion between faint and bright galaxies is

w

esti

=

hD

f

D

b

i

hR

f

R

b

i

� 1 : (5.17)

The angular 
orrelation between the bright and the faint sample is shown in Figure (5.14),

in 
omparison with the data of all galaxies, and the 
orrelation found in the bright and the

faint sample, respe
tively. There are no evident features whi
h might serve as a diagnosti
s

for the 
ontribution of satellite galaxies to the faint galaxy sample.

Despite its smaller number statisti
s, the proje
ted 
orrelation fun
tion 
an give a more de-

tailed insight, be
ause proje
ted distan
es are only 
ounted if the galaxies are separated by a

distan
e �Æz, thus the 
ontribution of randomly proje
ted, intrinsi
ally un
orrelated pairs is

suppressed.

For the 
al
ulation of the e�e
tive distan
e in w(r

p

), we took the the redshift distribution of

all galaxies, whi
h represents the sele
tion fun
tion for the whole sample.

Figure (5.15) shows the proje
ted 
orrelation fun
tion between the bright and the faint sam-

ple, in 
omparison with the 
orrelation fun
tion of the whole sample, and the 
orrelation

among themselves (as shown in the last se
tion).

The proje
ted 
orrelation fun
tion of the bright and the faint galaxies 
ontains some infor-

mation: it shows a bump at the small s
ale end, and this may be used as a diagnosti
 for

the 
ontribution of satellite galaxies to the faint sample. If we 
ould extend our analysis to

higher redshifts (whi
h will be possible in future surveys), we 
ould give an estimate of the


hange of the per
entage of satellite galaxies with redshift, and thus pla
e 
onstraints of the

merger rate (at least for minor mergers).

In 
ontrast to the angular 
orrelation fun
tion, the proje
ted 
orrelation fun
tion 
an be used

for the investigation of the evolution of the 
omoving number of satellite galaxies.
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Figure 5.14: The angular 
ross-
orrelation between the bright and the faint sample (green)

in the range 0:3 � z � 0:6, in 
omparison with the data of all galaxies (bla
k), and the


orrelation found in the bright (magenta) and the faint (light blue) sample, respe
tively.
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Figure 5.15: The proje
ted 
orrelation between the bright and the faint sample (green) in the

range 0:2 � z < 0:5, in 
omparison with the data of all galaxies (bla
k), and the 
orrelation

found in the bright (magenta) and the faint (lightblue) sample, respe
tively.
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5.3 Summary

We have 
arried out an analysis of the evolution of large s
ale 
lustering of �eld galaxies

between a redshift z � 1:1 and the present epo
h, using multi
olor data from the Calar

Alto Deep Imaging Survey CADIS. Sin
e the redshift errors are too large to 
al
ulate the

three-dimensional 
orrelation fun
tion dire
tly, we used both angular and proje
ted 
orrela-

tion fun
tion to infer the amplitudes of �(r) at di�erent redshifts.

To fa
ilitate a dire
t 
omparison with the LCRS (as a "lo
al" sample), redshift errors of the

size of the CADIS errors had to be added to the LCRS, and the proje
ted 
orrelation fun
tion

had to be 
al
ulated with the modi�ed redshifts.

We 
al
ulated the angular 
orrelation fun
tion in four redshift intervals with �z = 0:2. From


omparison with model amplitudes 
al
ulated for di�erent evolution s
enarios, we dedu
ed the

evolution parameter � for di�erent world models (a 
at, high-density model, an open model

with 


0

= 0:2, and a 
at model with non-zero 
osmologi
al 
onstant (


0

= 0:3, 


�

= 0:7).

For the same 
osmologies, we 
al
ulated the proje
ted 
orrelation fun
tion, in three redshift

bins 
entered at hzi = 0:35, hzi = 0:625, and hzi = 0:91. From the amplitude of the pro-

je
ted 
orrelation fun
tion in the di�erent redshift bins we 
al
ulated the amplitude of the

three-dimensional 
orrelation fun
tion at a 
omoving separation of r


om

= 1h

�1

Mp
, and in-

trodu
ed a new parameter q, whi
h des
ribes the deviation of the 
lustering growth from the

global Hubble 
ow. q 
an be estimated by �tting a straight line into the �(r


om

= 1h

�1

Mp
)

versus log(1+z) plot, q is then simply the slope. It 
an be related to �: � = �(q+3�
). Both

methods, deproje
tion of the angular and the proje
ted 
orrelation fun
tion are equivalent

and lead essentially to the same results. The estimation of the new parameter q is a bit more

straightforward, and its meaning is possibly more 
omprehensible.

Depending slightly on the 
osmology adopted for the estimation, we �nd a more or less rapid

growth of the 
lustering strength between a redshift of z � 1:1 and today. For the 
losed

world model we �nd � = 1:590 � 0:132, q = �2:68 � 0:16. The values found in the open 
ase

are � = 1:107 � 0:134, q = �1:92 � 0:17, and for the 
at model with non-zero 
osmologi
al


onstant we found � = 0:209 � 0:133, q = �1:23 � 0:20. The 
osmology should not play su
h

an important role between a redshift of z = 1 and today (see Table (5.1)). Thus we 
on
lude

that the apparent dependen
e on the world model is mainly due to low statisti
s, and with

only four �elds of 1=30ut

Æ

ea
h we 
an not make a de�nite quantitative statement about the


lustering strength. However, all values of � are positive, and q � �1:9, whi
h is 
onsistent

with linear 
lustering.

We also 
al
ulated the angular and the proje
ted 
orrelation fun
tions for late and early type

galaxies. The di�erent subsamples of early and late type galaxies exhibit a di�erent 
luster-

ing evolution: The early type galaxies are mu
h stronger 
lustered than the late type ones,

and the amplitude of their 
orrelation fun
tion is also mu
h bigger than the amplitude of

the 
omplete sample. This is the 
ase at all redshifts, but the di�eren
e is larger at higher

redshifts; the values seem to 
onverge to a 
ommon r

0

. The evolution of the 
lustering of

the late type galaxies 
ould not be quanti�ed, be
ause the errors of the dedu
ed amplitudes

of the three-dimensional 
orrelation fun
tion at r


om

= 1h

�1

Mp
 are too large to enable a

reliable �t. The amplitude of the 
orrelation fun
tion of early type galaxies 
hanges mu
h
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more slowly with redshift, we found q = �1:71�0:39 for 


0

= 1:0, 


�

= 0:0, q = �1:37�0:36

for 


0

= 0:2, 


�

= 0:0, and q = �0:67� 0:33 for 


0

= 0:3, 


�

= 0:7.

Combining redshift information and SED, it is possible to 
al
ulate rest-frame B band lumi-

nosity, so we 
ould further investigate the di�erent 
lustering properties of bright and faint

galaxies. With reasonable number statisti
s in the faint sample, this was only possible in the

redshift range 0:3 � z � 0:6. The 
lustering amplitude of the bright galaxies is larger than

for the whole sample, and mu
h larger than the amplitude of the faint galaxies, but not as

strong as for the early type ones.



Chapter 6

Dis
ussion and 
on
lusions

In this 
hapter we will �rst 
ompare our results with determinations of other authors from

both the observational and theoreti
al point of view and then end with our 
on
lusions.

6.1 Comparison with other observations

In the literature there are essentially only two investigations of the evolution of galaxy 
lus-

tering, the results of whi
h 
an be 
ompared with this work: one analysis by Le Fevre et al.

(1996) whi
h has been 
arried out in the framework of the Canada Fran
e Redshift Survey

(in the following CFRS), and one by Carlberg et al. (2000), done on the CNOC sample

(Canadian Network for Observational Cosmology). Furthermore we applied our methods to

the COMBO 17 survey (Wolf et al., 2001a), and 
ompared the results.

6.1.1 The CFRS determination

Le Fevre et al. (1996) used the proje
ted 
orrelation fun
tion to investigate the spatial 
lus-

tering of 591 galaxies between 0:2 � z

<

�

1:1, in �ve CFRS �elds (for a des
ription of the

survey see Lilly et al. (1995) and S
hade et al. (1995), respe
tively) of approximately the same

size as our CADIS �elds. The obje
ts are primarily lo
ated in three parallel strips for ea
h

of the �ve �elds, within whi
h almost 100% spe
tros
opi
 sampling was obtained, separated

by regions where few spe
tros
opi
 observations were 
arried out. The galaxies have spe
-

tros
opi
 redshift determinations, and I � 23

mag

. They 
omputed the proje
ted 
orrelation

fun
tion in three redshift bins between 0:2 � z � 0:5, 0:5 � z � 0:75, and 0:75 � z � 1:0,

with integration limits of Æ

z

= �0:0075. For the 
onne
tion to z = 0 they took values of

r

0

(z = 0) from Loveday et al. (1995) and Hudon & Lilly (1996).

Figure (6.1) shows the amplitude of the three dimensional 
orrelation fun
tion at r


om

=

1h

�1

Mp
, dedu
ed from the proje
ted 
orrelation fun
tion, in 
omparison with our own

data. For the dire
t 
omparison we have to multiply our measured amplitudes of the pro-

je
ted 
orrelation fun
tion by 1.4 to 
orre
t for the in
uen
e of large redshift errors (see

Chapter 4).

71
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Figure 6.1: The amplitudes of the three dimensional 
orrelation fun
tion at r


om

= 1h

�1

Mp
,

dedu
ed from the proje
ted 
orrelation fun
tion of the CFRS data (
rosses), in 
omparison

with our own data (open symbols). The �lled symbols are our data points 
orre
ted for the

in
uen
e of the redshift errors on the amplitude of the proje
ted 
orrelation fun
tion. The

dotted line is the �t of the CFRS data points in
luding the value of r

0

(z = 0) from Loveday

et al. (1995), the dashed line is the �t using the 
orre
ted LCRS point instead.

With this 
orre
tion, the CFRS data points are 
onsistent with our own measurement, al-

though with large errors. Le Fevre et al. (1996) 
laim that if r

0

(z = 0) = 5h

�1

Mp
, 0 < �

<

�

2.

The �t of their data points, in
luding the 
onne
tion to z = 0, yields q = �3:043 � 0:213

(

�

=

� = 1:8). If the 
onne
tion to z = 0 is disregarded, we �nd q = �1:184 � 0:634. The �t

in
luding our redshift error 
orre
ted LCRS point instead of the Loveday et al. (1995) point

yields q = �2:298�0:238. This is even a bit less than our own measurement (q = �2:68�0:16),

but nevertheless equal within the errors. This exer
ise shows that the value of q depends on

the 
onne
tion to the present epo
h. First of all, as we have seen, the measured amplitude

of the 
orrelation fun
tion depends strongly on the Hubble type, so the adopted value of

r

0

= 5h

�1

Mp
 might not �t to the population mix of the CFRS sample and thus simply

be too large. Se
ond, Le Fevre et al. (1996) did not take the in
uen
e of the redshift errors

into a

ount. Although they are relatively small, it is probably not admissible to dire
tly


ompare the measured amplitudes with a value whi
h was inferred from a dire
t estimation

of the three-dimensional 
orrelation fun
tion.

The 
on
lusion is that their measurement is 
onsistent with ours, but the evolution is not as

fast as they 
laim, be
ause they did not treat the lo
al measurement self
onsistently.
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6.1.2 The CNOC determination

The survey itself is des
ribed in detail in Yee et al. (1996). The analysis of the 
lustering evo-

lution (Carlberg et al., 2000) was 
arried out on a sample of 2300 bright galaxies (k-
orre
ted

and evolution-
ompensated R luminosities M

k;e

R

brighter than �20

mag

(H

0

= 100 km s

�1

)).

The redshift distribution extends to z = 0:65, and for 
omparison with z = 0, they sele
ted

a 
omparable sample from the LCRS.

From the 
al
ulation of the proje
ted 
orrelation fun
tion in seven redshift bins and in the

LCRS sample, they dedu
ed the evolution parameter �, and found a strong dependen
e on the


osmology adopted for the 
omputation: � = 0:80�0:22 for 


0

= 1, 


�

= 0, � = �0:17�0:18

for 


0

= 0:2, 


�

= 0, and � = �0:81�0:19 for 


0

= 0:2, 


�

= 0:8. The trend seen here is the

same as in our 
ase { strongest evolution for the high density model, slower evolution for the

low-density 
osmology, and the least evolution for the 
at model with non-zero 
osmologi
al


onstant. In our analysis the di�eren
es in the value of � are not so strong, we always �nd a

positive value of �, in all three 
osmologies.

From a 
omparison of their results for di�erent 
osmologies with di�erent theoreti
al models

for 
lustering evolution (linear 
lustering: Peebles (1980) and Efstathiou et al. (1985), biasing

models: Mo & White (1996) and Jing (1998), N -body experiments: Colin et al. (1997) and

Kravtsov & Klypin (1999)) they 
on
lude that the open and 


0

= 1 models are 
onsistent with

linear growth, but the 
at � model is marginally ex
luded. Biasing is marginally ex
luded in

both the open and the high density 
osmology, the low-density 
at model is a

eptable under

all biasing models.

Between a redshift of z = 0:65 and today the 
osmology adopted for the 
al
ulation is even

less important than in our 
ase (see Chapter 5), and therefore we 
on
lude that their statisti
s

was far too low to permit these detailed 
on
lusions.

6.1.3 COMBO 17

All the methods developed in this thesis, espe
ially the 
al
ulation of the proje
ted 
orrela-

tion fun
tion, are universally valid and not restri
ted to a 
ertain survey geometry or redshift

a

ura
y. Larger, wide angle deep surveys have only re
ently be
ome available, and one of

them is the COMBO 17 survey

1

(Wolf et al., 2001a), in some respe
t the su

essor of

CADIS. All observations have been 
arried out on La Silla, Chile, with the WFI (Wild Field

Imager) at the ESO-2.2 m teles
ope. Ea
h of the four �elds has a size of 1=4ut

Æ

. 17 �lters have

been observed, whi
h fa
ilitates a se
ure multi
olor 
lassi�
ation and redshift determination

(Æz0:017) down to R = 24. The 
omplete 
atalogue will in
lude � 40000 galaxies with I � 23,

in 1 ut

Æ

, with SED and morphologi
al information.

We already took a �rst glan
e on the data available so far, namely on one �eld 
entered

at �

2000

= 3

h

32

m

25

s

, Æ

2000

= �27

Æ

48

0

50

00

. The 
atalogue in
ludes 6602 galaxies between

0:2 � z � 1:07 and I � 23, with the same redshift a

ura
y as the CADIS galaxies. We

masked out bright stars, 
al
ulated the proje
ted 
orrelation fun
tion in the same redshift

intervals as for the CADIS data, and �tted the amplitudes in the same way as before.

1

COMBO = Classifying Obje
ts byMedium-Band Observations in 17 �lters
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Figure 6.2: The proje
ted 
orrelation fun
tion of the COMBO data (dotted lines) in 
ompar-

ison with CADIS (solid lines). Upper panel: 0:2 � z < 0:5, middle: 0:5 � z < 0:75, lower

panel: 0:75 � z � 1:07.
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A 
omparison of the proje
ted 
orrelation fun
tion of the COMBO 17 and the CADIS data is

shown in Figure (6.2). For ea
h 
osmology and ea
h redshift interval the proje
ted 
orrelation

fun
tion is shown separately.

From the proje
ted 
orrelation fun
tion we 
al
ulated the amplitude of the three-dimensional


orrelation fun
tion at r


om

= 1h

�1

Mp
. The 
omparison with the CADIS data is shown in

Figure (6.3).

As one 
an see, the results are only in few 
ases fully 
onsistent with the CADIS determina-

tions. For 


0

= 1, 


�

= 0 and 


0

= 0:2, 


�

= 0, the values for hzi = 0:91 are equal within

their errors, for the open 
osmology the data at hzi = 0:625 are almost identi
al. The am-

plitudes at the lowest redshift are di�erent in all 
ases. It seems as if �eld-to-�eld variations

still play a role, even if the number of galaxies per �eld is large.

From the �t of the data we �nd q = �1:87 � 0:13 for 


0

= 1, 


�

= 0, q = �1:94 � 0:12 for




0

= 0:2, 


�

= 0, and q = �1:54� 0:20 for 


0

= 0:3, 


�

= 0:7.

In the 
ase of the 
losed model the parameter is signi�
antly less negative than the one dedu
ed

from the CADIS data (q

CADIS

= �2:68� 0:16), whereas in the open 
ase the value is almost

exa
tly the same as for CADIS (q

CADIS

= �1:92 � 0:17). In the 
at model with non-zero


osmologi
al 
onstant, the values are equal within the errors (q

CADIS

= �1:23 � 0:20). The

di�eren
es between the 
osmologies are not as signi�
ant as in the analysis of the CADIS data.

This result 
orroborates our 
laim that �eld-to-�eld variations and low statisti
 
an feign an

apparent dependen
y on the 
osmology adopted for the 
al
ulation. We expe
t that for more

�elds and more galaxies q will settle to a robust value of ' 2 with the expe
ted spread of

about 20% due to the di�eren
e in angular distan
e in the di�erent 
osmologi
al models.
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Figure 6.3: The amplitude of the three-dimensional 
orrelation fun
tion at r


om

= 1h

�1

Mp
.

Filled points are CADIS data, open 
ir
les are COMBO data. The dotted line is the �t for

the COMBO data.
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6.2 Comparison with therory

The evolution of the matter 
orrelation fun
tion �

m

with redshift has been studied extensively

using both N -body simulations (Jenkins et al., 1998) and analyti
 models (Hamilton et al.,

1991; Pea
o
k & Dodds, 1994; Jain et al., 1995). Those analyses show, how an initial density

�eld evolves in di�erent 
osmologies. The evolution of the galaxy 
lustering, however, need not

ne
essarily follow that of the 
ollisionless 
omponent of the mass density �eld. Galaxies have

been subje
t to external phenomena su
h as tidal intera
tions, satellite a

retion, merger, et
.,

as well as to internal phenomena su
h as gala
ti
 winds and supernovae. How galaxies form

and evolve in the underlying mass �eld 
an partly be investigated by 
ombining large high-

resolution N -body simulations with semi-analyti
 models of galaxy formation (Kau�mann

et al., 1999b,a; Somerville et al., 2001).

6.2.1 Evolution of dark matter in di�erent 
osmologies

Sin
e the pioneering work of Davis et al. (1985) larger and larger N -body experiments have

been 
arried out in order to investigate the evolution of the dark matter. The development

of powerful super
omputers and sophisti
ated numeri
al methods has made extremely high-

resolution simulations possible. The best ones available at the moment are the ones 
arried

out by the Virgo 
onsortium (Pear
e et al., 1999). The evolution of stru
ture was analysed

for four di�erent 
osmologies in a simulation with 17 � 10

6

parti
les, running from z = 50 to

z = 0. The world models in
lude a 
at high density model with 


0

= 1, 


�

= 0 (SCDM),

an open model with 


0

= 0:3, 


�

= 0 (OCDM), a 
at low-density model with non-zero 
os-

mologi
al 
onstant (�CDM, 


0

= 0:3, 


�

= 0:7). Note that the parameters of these models

are almost identi
al to those we have used for analysing the 
orrelation fun
tions in our data.

Additionally a 
at 


0

= 1 �CDM model has been simulated, in whi
h a massive neutrino (the

� neutrino) was present during the very early evolution of the universe and 
ame to dominate

the energy density for a short period. It then de
ayed into lighter neutrinos whi
h are still

relativisti
, thus delaying the epo
h of matter-radiation equality { it is obvious that stru
ture

starts to form later in this model. Figure (6.4) shows three "snapshots" of the universe in the

four models, at z = 3, z = 1 and z = 0. The boxsize is 239.5 h

�1

Mp
. For the �CDM and

the OCDM H

0

= 70 km s

�1

/Mp
 and H

0

= 50 km s

�1

/Mp
 for the SCDM and the �CDM

models. The normalisation of the primordial power spe
trum was 
hosen su
h that at z = 0

the models mat
h the observed abundan
e of galaxy 
lusters.

In the two low-density models stru
ture forms early, whereas in the �CDM 
osmology and

above all in the SCDM model, stru
ture forms mu
h later. At the earliest epo
h shown in

Figure (6.4), z = 3, the SCDM model is very smooth, with only little �ne stru
ture. The

�CDM model has some embryoni
 large-s
ale stru
ture but is even more featureless than the

SCDM on the �nest s
ales. By 
ontrast, stru
ture in the low-density models, parti
ularly the

OCDM is already well developed by z = 3.
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z=3 z=1 z=0

�CDM
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SCDM
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�CDM
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OCDM
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The VIRGO Collaboration 1996

Figure 6.4: The evolution of dark matter in four di�erent 
osmologies.
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The large-s
ale di�eren
es among the models are also apparent at z = 1. There is substan-

tially more evolution for high-density than for low-density models. OCDM has the most

developed large-s
ale stru
ture at z = 1, while �CDM is intermediate between this and the

two high-density models.

At z = 0, the general appearan
e of all the models is similar be
ause, by 
onstru
tion, the

phases of the initial 
u
tuations are the same. But non of the models is able to exa
tly re-

produ
e the observed two-point 
orrelation fun
tion as measured in the APM survey (Baugh,

1996). Thus, for any of these models to provide an a

eptable representation of the present

reality, the distribution of galaxies would need to be biased relative to the mass in a non-

trivial, s
ale-dependent fashion.

This analysis does not only make 
lear that the dark matter density �eld is 
lustered in a

di�erent way than the galaxies, but also that stru
ture developes very di�erently in di�erent


osmologies. Colin et al. (1997) give values for the evolution parameter � for dark matter

haloes followed in an N -body simulation of � 2 million parti
les, between z = 1:3 and z = 0.

In their simulation, � = 1:5 for 


0

= 1, 


�

= 0 (
orresponding to the evolution parameter

q = �2:7 if 
 = 1:8); � = �0:3, q = �0:9 for 


0

= 0:2, 


�

= 0; � = �0:6, q = �0:6 for




0

= 0:2, 


�

= 0:8.

The degree to whi
h those results 
onstrain the mean density of the universe depends on how

well the evolution of galaxy 
lustering is tra
ed by the evolution of the mass density �eld or

the halo population, respe
tively. Sin
e we have seen in our analysis that galaxies do not tra
e

matter, we 
an not 
on
lude that our result, a more or less rapid growth of the stru
ture, is a

hint at a high-density universe. More detailed studies of the 
lustering evolution of galaxies

of di�erent Hubble types, and the 
omparison with semi-analyti
 models of galaxy evolution

are required before we 
an understand biasing, and before stru
ture evolution 
an result in

statements about the mass density of the universe.

6.2.2 Biased galaxy formation

The evolution of the 
lustering of dark matter is a monotonous pro
ess, whi
h depends on


osmologi
al quantities su
h as 


0

, 


�

, and the initial power spe
trum, whi
h determine how


ollapsed stru
tures { dark matter haloes { form and evolve. In those hierar
hi
al 
osmologies

the evolution of galaxy 
lustering depends also on the physi
al pro
esses { 
ooling, star for-

mation, radiative and hydrodynami
 feedba
k { whi
h drive the formation of galaxies within

these merging haloes. The relation of the 
lustering of the dark matter and of the galaxies is

des
ribed by the biasing parameter b, whi
h 
an be di�erent for di�erent types of galaxies.

Kaiser (1984) showed that, inherent in the notion of the power-spe
trum of the perturbations

(for the interrelation between 
orrelation fun
tion and power-spe
trum see appendix (A)) is

the fa
t that the perturbations have a Gaussian distribution of amplitudes about the root

mean squared value

�

� with varian
e

�

�

2

, so that the probability of en
ountering a density


ontrast � at some point in spa
e is proportional to exp(��

2

=

�

�). Galaxies form in the rare,

highest density peaks of the dark matter distribution, when gas 
ools, and 
ondenses to form

stars. If we require the density perturbation to ex
eed some value �

krit

in order that stru
-

tures form, galaxy formation would be biased to the highest peaks over the mean ba
kground
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density.

Consider a large-s
ale (very mu
h greater than galaxy-s
ale), positive density enhan
ement

in a given region of spa
e, and that superimposed on this density enhan
ement are numerous

bumps and wiggles of galaxy s
ale (see Figure (6.5)). The very �rst galaxies to 
ollapse will

be those at the very highest peaks in the density �eld. These obje
ts 
orrespond to the small-

s
ale bumps and wiggles that reside along the highest "ridge" of the density enhan
ement.

Therefore, one might expe
t that the earliest galaxy-sized obje
ts to form would do so in a

strongly 
lustered state

2

(Brainerd & Villumsen, 1994). An observation whi
h �ts into this

pi
ture is the strong 
lustering of Lyman break galaxies at a redshift of z � 3 (Steidel et al.,

1998; Giavalis
o et al., 1998). The Lyman break galaxies are believed to be the prede
essors

of today's very massive ellipti
al galaxies.

Figure 6.5: The �rst galaxies form in the bumps and wiggles superimposed on rare, large

density enhan
ements and are therefore highly 
lustered.

As time goes by, smaller and smaller peaks that are farther and farther out in the wings

of the large-s
ale density enhan
ement will 
ollapse to form galaxies, resulting in a galaxy

distribution that is less 
lustered than the distribution of the �rst generation of galaxies.

2

The reason why the highest mountains in the world are in the Himalayas is be
ause they are superim-

posed on the large-s
ale plateau, or long wavelength perturbation, 
aused by the plate supporting the Indian

sub
ontinent 
rashing into the Asian plate.
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6.2.3 Semi-analyti
 models of biased galaxy formation

A new te
hnique for following the formation and evolution of galaxies in 
osmologi
al N -body

simulations was introdu
ed by Kau�mann et al. (1999b). Dissipationless simulation are used

to tra
k the formation and merging of dark matter haloes as a fun
tion of redshift. Simple

pres
riptions, taken dire
tly from semi-analyti
 models of galaxy formation, are adopted for

gas 
ooling, star formation, supernova feedba
k and the merging of galaxies within the haloes.

In this kind of simulations, the dependen
e of the measured evolution of the 
orrelation fun
-

tion on sample sele
tion 
an be investigated. Kau�mann et al. (1999a) showed, that a 'dip' in

the amplitude of the 
orrelation fun
tion between z = 1 and z = 0 
an be a diagnosti
 for the

pro
ess of galaxy formation. Su
h a dip o

urs in low-density models, be
ause stru
ture forms

early, and galaxies of � L

�

are unbiased tra
ers of the dark matter over this redshift range;

their 
lustering amplitude then evolves similar to that of the dark matter. At higher red-

shifts, bright galaxies are strongly biased, and the amplitude in
reases again. In high-density

models stru
ture forms late, and bias evolves mu
h more rapidly. As a result, the 
lustering

amplitude of L

�

galaxies remains 
onstant from z = 1 to z = 0 (the 'dip' o

urs earlier). The

strength of this e�e
t is sensitive to sample sele
tion. The dip be
omes weaker for galaxies

with lower star formation rates, redder 
olors, higher luminosities and earlier morphologi
al

types, for whi
h the 
omoving 
lustering strength does not 
hange at all.

The simulation shows, that for a given 
osmology, the 
lustering amplitude predi
ted for a

sample of galaxies depends on the masses of the dark matter haloes they inhabit. The evolu-

tion of 
lustering depends on how the mass distribution of these haloes 
hanges with redshift,

and on the variation of the abundan
e of galaxies in the sample.

A sample of galaxies with a �xed star formation rate is expe
ted to show a stronger dip (and


onne
ted with this, a steeper rise of the amplitude of the 
orrelation fun
tion with redshift)

than a sample of galaxies that tra
ked haloes of the same mass at all redshifts: galaxies with

�xed star formation rate are found in smaller haloes at high redshift than at the present time,

and also the abundan
e of starforming galaxies is expe
ted to in
rease more strongly with

redshift, be
ause there are many more small haloes than large ones. Early type galaxies are

found primarily in massive haloes at all redshifts. These galaxies do not exhibit any dip in


lustering, and their abundan
e de
reases strongly with redhsift, be
ause massive haloes are

rare obje
ts at early times.

The results of this 
omputer experiment �t very well to our own �ndings { a relatively strong

growth of the 
lustering strength between z = 1 and today found for all the galaxies in
luded

in the CADIS sample, while the galaxies with early type SED (i.e. low star formation rate)

show a mu
h slower in
rease of the amplitude of the 
orrelation fun
tion.

6.3 Con
lusion

In this work, we have seen that older galaxies show a mu
h slower evolution of their 
luster-

ing than younger or even starburst galaxies. Light does not simply tra
e matter: the simple

assumption of a dire
t 
orrelation between galaxies and the dark matter distribution fails to

explain why galaxies of di�erent Hubble types show a di�erent evolution of their 
lustering
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with redshift. The rate of 
lustering growth one measures is dependent on sample sele
tion.

A possible explanation 
an be found in the 
ontext of biased galaxy formation. The �rst

galaxies are born in a highly 
lustered state, be
ause they form in the bumps and wiggles

whi
h are superimposed on the very large-s
ale density enhan
ements.

In the most simple model of bias evolution of early type galaxies, the galaxy 
onservation

s
enario (Fry, 1996; Tegmark & Peebles, 1998), the galaxy population is 
onserved over 
os-

mi
 time (i.e. no new ellipti
al forms and no one disappears). This s
enario implies the

assumption that all the early type galaxies (mainly ellipti
als) were formed at high redshift

and simply follow the growth of the perturbations without the additional non-linear e�e
ts

su
h as virial 
ollapse and merging. In this 
ase the positive evolution of the bias whi
h

in
reases with redshift is more than 
ompensated by the de
line of linear growth, and the

amplitude of the 
orrelation fun
tion is expe
ted to rise towards z = 0.

Obviously this model is an oversimpli�
ation. Galaxy formation is not supposed to be a

burst-like event, but a 
ontinuous pro
ess with a spread in redshift from z

>

�

3 to z � 1.

It is already well established that disk galaxies evolve to the present day: Late type disk

galaxies have present-day star formation rates 
omparable to those at earlier 
osmi
 times,

early type disks have formed most stars at earlier times (Kenni
utt et al., 1994). Galaxies

may disappear from one sample and show up in another, when the stars age and the SED


hanges. Fried et al. (2001) found the evolution of the B band luminosity fun
tion of the

CADIS galaxies to be 
learly di�erential, the normalisation �

�

of the early type E-Sa galaxy

luminosity fun
tion and the integrated 
omoving spa
e density de
reases with in
reasing red-

shift. The normalisation for the Sa-S
 galaxy luminosity fun
tion in
reases with redshift as

well as the spa
e density. The luminosity fun
tion of the starburst galaxies steepens towards

the faint end, and their 
omoving spa
e density in
reases with redshift. The density evolution

of the early and the late type galaxy population apparent in our data is suggestive of merging.

If we assume a substantial evolution of the individual galaxies (in
luding merging) between a

redshift the growth of the 
lustering strength well be slower: The next generations of galaxies

form later in the wings of the large-s
ale enhan
ements, and are therefore less and less 
lus-

tered. While the universe expands, the galaxies evolve, age, and eventually merge to form

larger, brighter galaxies and ellipti
als, and generally add to the population of earlier type

galaxies, while new galaxies form at later times in less and less 
lustered environments.

The oldest galaxies have formed in a mu
h more 
lustered state than their su

essors, and at

lower redshifts, the population of old galaxies 
onsists of galaxies of di�erent ages, whi
h have

added to the "old galaxy popultion" at di�erent times, and in more and more lower 
lustered

states. Ellipti
al galaxies might not only form by monolithi
 
ollapse and passive evolution,

but also by merging (Toomre & Toomre, 1972; Naab et al., 1999). Merging ampli�es the

e�e
t, be
ause �rst of all galaxies are formed, whi
h "suddenly" add to the old population.

Se
ond, a merger event redu
es not only the number of galaxies, but also the number of

small pair separations in a sample, whi
h redu
es the probability of �nding pairs of galaxies

at small distan
es { and thus supresses the amplitude 
orrelation fun
tion. Although the


lustering strength of the underlying dark matter density �eld in
reases with redshift, the

biasing de
reases. The net e�e
t is a very slowly rising 
lustering amplitude.



6.3. CONCLUSION 83

In our 
ase, we see some amount of evolution in the early type sample (0 � SED � 60), but

this sample also in
ludes galaxies of later types than Sa (SED = 30). The 
omoving number

density of 
ertainly more weakly 
lustered Sa to S
 galaxies in
reases towards higher redshifts

(Fried et al., 2001), so in our highest redshift bin the 
lustering signal is probably dominated

by a more weakly 
lustered population of galaxies. If we 
ould 
al
ulate the 
orrelation fun
-

tion for a sample ex
luding galaxies of earlier type than Sa, we would expe
t the evolution

parameter q to be even 
loser to zero than for our present "early type" sample whi
h in
ludes

galaxies with 0 � SED < 60.

The overall evolution is an in
rease of stru
ture between a redshift of z � 1:1 and the present

epo
h, whi
h might be even stronger than we have measured, sin
e at the highest redshifts

we miss the faint, less 
lustered galaxies.

Our results 
an be explained if we assume that

� the �rst galaxies form in a highly 
lustered state,

� their su

essors form in an in
reasingly lower 
lustered environment,

� the epo
h of galaxy formation is not a burst-like event but is spread over a large range

of redshifts, and

� there is a substantial amount of galaxy evolution (in
luding merging) between a redshift

of z = 1 and today.
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Chapter 7

Outlook

We have seen that two-point 
orrelation fun
tions are not only suited to simply des
ribe the

presen
e or absen
e of stru
ture in a distribution of galaxies, but also provide a powerful

tool to investigate the formation and evolution of galaxies within the underlying dark matter

density �eld. Not all galaxies tra
e mass (i.e. older galaxies are mu
h more strongly 
lustered

than young, starforming galaxies). The exploration of the pro
esses whi
h lead to the di�erent

evolution of the 
lustering of galaxies of di�erent Hubble types 
an help us to understand the

intera
tion between the pure stru
ture growth of the dissipationless dark matter 
omponent

and the development of the baryoni
 matter into stars and galaxies. In prin
iple the evolution

of the 
orrelation fun
tion 
an also pla
e 
onstraints on the 
osmologi
al parameters whi
h

determine the geometry and dynami
s of our universe, but more observations are needed to

disentangle dark matter 
lustering growth and the evolution of the bias.

7.1 The merger rate at intermediate redshifts

An interesting question in the 
ontext of galaxy evolution is the evolution of the merger

rate with redshift. In a hierar
hi
al 
lustering s
enario, merging plays an important role,

for example for the mass fun
tion (and therefore the luminosity fun
tion of galaxies), or the

formation of massive ellipti
als. It also 
an be a possible explanation for the slow evolution of

the 
lustering of early type galaxies, whi
h 
an better be explained by biasing models whi
h

take merging into a

ount, than by galaxy 
onservation models (Daddi et al., 2001). However,

it is very diÆ
ult to dedu
e the merger rate dire
tly { not ea
h 
lose pair (� 5 to 20 kp
) is

in the pro
ess of merging, if their pe
uliar velo
ities are large (�v > 500 km s

�1

) they move

on hyperboli
 orbits and will not merge. Also there is an ambiguity in the relation between

redshift spa
e and real spa
e { a redshift di�eren
e of �v = 500 km s

�1


an 
orrespond either

to two galaxies at a small physi
al separation with a large infall velo
ity, or to two galaxies at

a separation of � 5h

�1

Mp
, with no pe
uliar velo
ity. Thus not only their spatial separation

must be known, but also their pe
uliar velo
ities. Although it is therefore not possible to de-

du
e the merger rate from a 
orrelation fun
tion, we 
an nevertheless at least try to estimate

the 
lose pair fra
tion of galaxies at di�erent redshifts by means of 
orrelation fun
tions. This

quantity is an upper limit of the merger rate. The present day 
lose pair fra
tion for galaxies

with �21 �M

B

� �18 has been estimated by Patton et al. (2000) to be N




= 0:0226�0:0052

at z = 0:015. This implies that � 2:3% of the galaxies have 
ompanions within a proje
ted

85
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physi
al separation of 5h

�1

� r

p

� 20h

�1

kp
 and �v = 500 km s

�1

. In hierar
hi
al galaxy

evolution s
enarios, the merger rate of �eld galaxies is expe
ted to in
rease with in
reasing

redshift, and probably also with fainter luminosities.

The signature of very 
lose pairs is expe
ted to be a bumb at the very small s
ale end, as we

have seen in the 
ase of the 
ross-
orrelation fun
tion between bright and faint galaxies (see

Chapter 5). We already have 
arried out some simulations to quantify this e�e
t. We took

the CADIS data, and added a 
ertain per
entage of arti�
ial neighbours to randomly 
hosen

galaxies. Those neighbours are lo
ated in a spheri
al shell with radius r + dr = 15 + 5 kp


around the 
atalogue galaxy. We 
al
ulated both angular and proje
ted 
orrelation fun
tion

in two di�erent redshift bins (0:2 � z � 0:5 and 0:5 � z � 0:75), for 1%, 10%, and 30% 
lose

pairs, respe
tively. Figure (7.1) and (7.2) show the results for 


0

= 1, 


�

= 0.

In all �gures the bla
k line is the �t for the un
hanged data, �tted as usually in the range

0:88 � log � � 2:28 for the angular, and �1:7 � log r

p

� �0:3 for the proje
ted 
orrelation

fun
tion. Depending on the per
entage of 
lose pairs introdu
ed into the 
atalogue, there is

a more or less pronoun
ed bump at the small-s
ale end of both angular and proje
ted 
orrela-

tion fun
tion. This bump with respe
t to the �t is even visible in the un
hanged data, whi
h

indi
ates that a 
ertain amount of 
lose pairs is in fa
t present and leads to a 
hange of the


orrelation fun
tion for small pair separations.

The height of this bump 
ould be used as an estimate of the 
lose pair fra
tion at di�erent

redshifts. From a �rst 
omparison with the modi�ed data we 
an 
on
lude that the 
lose pair

fra
tion is 
ertainly smaller than 10%, and the bump 
an more easily be found in the redshift

bin 0:2 � z � 0:5 than for the higher redshift interval (0:5 � z � 0:75), where we are hardly

able to resolve pairs with a separation of < 20 kp
 on groundbased data.

We need to follow up this possibility and �nd a quanti�
ation for the e�e
t.
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Figure 7.1: The in
uen
e of 
lose pairs on the angular 
orrelation fun
tion.
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Figure 7.2: The in
uen
e of 
lose pairs on the proje
ted 
orrelation fun
tion.
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7.2 The emission line galaxies in CADIS

In this work only one part of the whole data base of CADIS was analysed, namely the mul-

ti
olor galaxy sample. But CADIS assembles essentially two di�erent survey strategies, the

multi
olor survey, and an emission-line survey using an imaging Fabry-Perot interferometer,

to probe emission line galaxies down to a limiting line 
ux of � 3 �10

�20

W m

�2

. These galax-

ies, whi
h have been dete
ted and 
lassi�ed by their emission lines, have redshifts with an

a

ura
y of 120 km s

�1

{ good enough to 
al
ulate the three-dimensional 
orrelation fun
tion

dire
tly. The spe
ial observing te
hnique samples galaxies in distin
t narrow redshift bins,

whi
h allows for the investigation of the evolution of the 
lustering properties of emission line

galaxies between a redshift of z � 1:4 and z � 0:24. Galaxies whi
h show strong emission lines

are galaxies whi
h form, or have re
ently formed stars. Therefore they make up a valuable

sample for 
omparing the di�erent 
lustering properties of early type (quiet) and a
tively

star forming galaxies. We expe
t their 
lustering amplitude to be very low, and, following

Kau�mann et al. (1999a), to be strongly evolving with redshift.

However, sin
e their number is small (N � 1000 for the full CADIS), it is impossible to 
arry

out this analysis before the full CADIS emission line survey has been 
ompleted.

7.3 COMBO 17

This amazing data base (see Chapter 6) 
an be used for various investigations, using either

the proje
ted or the angular 
orrelation fun
tion. First of all the higher statisti
 allows for a

more detailed analysis of the evolution of the 
lustering, a repetition of the analysis 
arried

out on the CADIS data will not only 
orroborate the results, but might also show a possible

dependen
y of the growth rate on redshift (a 
hange of the parameter q with redshift). It also

should be possible to investigate, whether the slope 
 of the 
orrelation fun
tion 
hanges with

redshift, or is di�erent for di�erent Hubble types. The 
lustering evolution of di�erent Hubble

types itself 
an also be investigated in smaller SED bins, and the di�eren
e of the ampli-

tudes of the 
orrelation fun
tion of bright and faint galaxies 
an be followed to larger redshifts.

With a deeper survey like COMBO 17, we 
an furthermore 
al
ulate the proje
ted 
ross-


orrelation fun
tion between bright and faint galaxies for higher redshifts as we did before

(see se
tion (5.2.4)). As we have seen, the signature of satellite galaxies as well is a bump at

the small-s
ale end, so this analysis will help pla
e 
onstraints on the merger rate. If a quan-

ti�
ation of the 
lose pair fra
tion 
an be found, with the COMBO 17 data it is probably also

possible to investigate the dependen
y of the merger rate, or 
lose pair fra
tion, respe
tively,

on the Hubble type, or the absolute rest-frame B-band luminosity.

The investigation of the 
lustering properties of various subsamples from the COMBO 17

survey 
an be 
arried out rather easily with the methods and algorithms developed in this

thesis. As soon as the 
lassi�
ation and redshift determination for more �elds is 
ompleted,

this analysis will immediately yield results with a unique a

ura
y and signi�
an
e.
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Appendix A

The relation between �(r) and the

power spe
trum of the density


u
tuations

The 
orrelation fun
tion is dire
tly related to the density 
ontrast �(x) = Æ%=%. With

% = %

0

[1 +�(x)℄, equation (3.2) 
an be written as

dN

pair

(r) = %(x)dV

1

%(x+ r)dV

2

: (A.1)

Therefore

dN

pair

(r) = %

2

0

[1 + �(x)℄[1 + �(x+ r)℄dV

1

dV

2

: (A.2)

The average value of � is zero by de�nition and therefore the two-point 
orrelation fun
tion

is just

dN

pair

(r) = %

2

0

[1 + h�(x)�(x+ r)i℄dV

1

dV

2

: (A.3)

This shows expli
itly the relation between the density 
ontrast on di�erent s
ales r and the

two-point 
orrelation fun
tion:

�(r) = h�(x)�(x + r)i (A.4)

We 
an now relate the spe
trum of the 
u
tuations (in terms of the spatial Fourier transforms

of �(r)) to the two-point 
orrelation fun
tion, whi
h is, by de�nition, spheri
ally symmetri


about ea
h point.

First we de�ne the Fourier transform pair for �(r)

�(r) =

V

(2�)

3

Z

�

k

e

�ikr

d

3

k (A.5)

�

k

=

1

V

Z

�(r)e

�ikr

d

3

x :

With use of Parseval's theorem to relate the integrals of the squares of �(r) and its Fourier

transform �

k

, one gets

1

V

Z

�

2

(r)d

3

x =

V

(2�)

3

Z

j�

k

j

2

d

3

k : (A.6)
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The quantity on the left-hand side of equation (A.6) is the mean square amplitude of the


u
tuations per unit volume, and j�

k

j

2

is the power spe
trum of the 
u
tuations, P (k).

Therefore we 
an write

h�

2

i =

V

(2�)

3

Z

j�

k

j

2

d

3

k =

V

(2�)

3

Z

P (k)d

3

k : (A.7)

Sin
e the two-point 
orrelation fun
tion is spheri
ally symmetri
, the element of k-spa
e 
an

be written d

3

k = 4�k

2

dk and so

h�

2

i =

V

2�

2

Z

j�

k

j

2

k

2

dk =

V

2�

2

Z

P (k)k

2

dk (A.8)

With equation (A.4) we 
an relate h�

2

i to the two-point 
orrelation fun
tion. �(x) 
an be

written as a Fourier series:

�(x) =

X

k

�

k

e

�ikx

: (A.9)

�(x) is a real fun
tion and therefore we 
an �nd j�(r)j

2

by writing j�(r)j

2

= j�(r)�

�

(r),

where �

�

(r) is the 
omplex 
onjugate of �(r). Taking the average value of the produ
t of

�(x) and �(x+ r) in the same way, one �nds

�(r) = h

X

k

X

k

0

�

k

�

�

k

0

e

�i(k�k

0

)x

e

�ik

0

r

i : (A.10)

All 
ross terms vanish ex
ept those for whi
h k = k

0

. Therefore

�(r) =

X

j�

k

j

2

e

�ikr

: (A.11)

Conversion into a Fourier integral gives

�(r) =

V

(2�)

3

Z

j�

k

j

2

e

�ikr

d

3

k : (A.12)

�(r) is a real fun
tion, so we 
an take only the real part of e

�ikr

, and be
ause of the spheri
al

symmetry of the two-point 
orrelation fun
tion, we integrate over an isotropi
 distribution of

angles �. Thus we obtain

�(r) =

V

2�

2

Z

j�

k

j

2

sinkr

kr

k

2

dk =

V

2�

2

Z

P (k)

sin kr

kr

k

2

dk : (A.13)

The fun
tion sinkr=kr a
ts as a window fun
tion, whi
h allows only wavenumbers k < r

�1

to 
ontribute to the amplitude of the 
u
tuations on the s
ale r. Flu
tuations with larger

wavenumbers, 
orresponding to smaller s
ales, average out to zero on the s
ale r.



Appendix B

Cosmologi
al Distan
es

The 
al
ulation of the three-dimensional 
orrelation fun
tion raises the question how to 
om-

pute the distan
es between two galaxies with di�erent redshifts z

i

and z

j

, whi
h are separated

by an angle �. The only measurement one has for the radial distan
es of the galaxies is the

redshift, so we have to �nd a way to estimate the distan
es from the redshifts. This is not

straightforward, and so the most important points are listed here.

The starting point and basis for all further 
al
ulations is the General Theory of Relativity

developed by A. Einstein, together with the Cosmologi
al Prin
iple. The Cosmologi
al

Prin
iple states that the Universe is spa
ially homogenious and isotropi
. This assumption

results in a simli�
ation of Einsteins �eld equations whi
h redu
e to the pair of independent

equations:

_

R

2

(t) =

8�G%(t)R

2

(t)

3

+

�R

2

(t)

3

� k


2

; (B.1)

and

�

R(t)

R(t)

= �

4�G%(t)

3

+

�

3

: (B.2)

G is the gravitational 
onstant, %(t) the matter density (throughout this work negligible pres-

sure is assumed), � the 
osmologi
al 
onstant and the sign of k determines the 
urvature of

the three-dimensional spa
e. R is the s
ale fa
tor, whi
h has the dimension of a length, 


is the speed of light, and t the 
osmi
 time as measured by a fundamental observer. The


on
ept of fundamental observers 
an be introdu
ed a

ording to Weyl's postulate, whi
h

says that the worldlines of all points in the universe do not interse
t, ex
ept at one point at

the very beginning { the big bang. On
e this postulate is adopted, it be
omes possible to

assign a notional observer to ea
h worldline { those are the fundamental observers. The time

measured by the fundamental observer with a standard 
lo
k is 
alled 
osmi
 time. There is

a very simple way to syn
hronize all the 
lo
ks: all the fundamental observers set their 
lo
ks

to one distin
t time in that very moment when the temperature of the mi
rowave ba
kground

drops to a 
ertain value.

The only isotropi
 
urved spa
es are those in whi
h the 
urvature is 
onstant throughout the

whole spa
e, and 
an take positive, zero or negative values.
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The general form of the line element in a homogeniously expanding, isotropi
 
urved spa
e,

whi
h satis�es the �eld equations, is des
ribed by the Robertson-Walker-Metri
, in the fol-

lowing RWM:

ds

2

= 


2

dt

2

�R

2

(t)

"

d�

2

(1� k�

2

)

+ �

2

d�

2

+ �

2

sin

2

�d�

2

#

; (B.3)

where s is the four-dimensional distan
e, � and � are angular 
oordinates, and � is the

dimensionless radial 
oordinate. � is also 
alled 
omoving 
oordinate, be
ause it 
an be

understood as a kind of label �xed to a 
ertain galaxy, whi
h never 
hanges it's value. The

varying s
ale fa
tor R(t) is taking a

ount of the expansion. With

H =

_

R

R

;


 =

8�G%

3H

2

;




�

=

�

3H

2

;

H being the Hubble parameter, 
 the density parameter, and 


�

the normalised 
osmologi
al


onstant, we 
an 
al
ulate

k


2

= R

2

H

2

(
 + 


�

� 1) ; (B.4)

so that

k = sign(
 + 


�

� 1) : (B.5)

Sin
e R > 0 we 
an write

R =




H

1

p

j
+


�

� 1j

; (B.6)

this is the radius of 
urvature of the three-dimensional spa
e at time t. For k = 0 it is 
on-

venient to de�ne the s
ale fa
tor R to be 
=H.

As 
an be seen from equation (B.1), and (B.3), the 
onstant k determines the geometry of

the universe.

� If the 
urvature parameter k = �1, then the spa
e is negatively 
urved (the sum of the

angles of a triangle is less than 180

Æ

)

� For k = 0 the universe is 
at (the sum of the angles of a triangle equals 180

Æ

)

� If the 
urvature parameter k = +1, then the spa
e is positively 
urved (the sum of the

angles of a triangle is more than 180

Æ

)

For the spe
ial 
ase of 


�

= 0, k determines not only the 
urvature, but also the dynami
al

properties of the universe:

� If the 
urvature parameter k = �1 and 


�

= 0, the universe is open, and the expansion

will 
ontiue forever.
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� For k = 0 and 


�

= 0 the universe is neither open nor 
losed, 
oming to a halt only

only as t!1.

� If the 
urvature parameter k = +1 and 


�

= 0, then the expansion will someday halt

and reverse itself

With the 
osmologi
al 
onstant present, the dynami
 properties and the geometri
 properties

are independent.

In the following the index 0 will be used to denote the present value of a given quantity, �xed

at the time t

0

of observation. The expli
it dependen
e on t will be dropped for brevity. Taking

matter 
onservation into a

ount and using the present day values, we have %R

3

= %

0

R

0

, and

so

_

R

2

= H

2

0

R

2

0

 




0

R

0

R

+




�

R

2

R

2

0

� (


0

+


�

� 1)

!

: (B.7)

With

z =

R

0

R

� 1 (B.8)

we get from equation (B.7)

dz =

dz

dR

_

Rdt = �H

0

(1 + z)

q

Q(z)dt ; (B.9)

where

Q(z) = 


0

(1 + z)

3

� (


0

+


�

� 1)(1 + z)

2

� 


�

: (B.10)

The 
oordinate distan
e � of the RWM 
an be represented as

� = F (�) =

8

>

<

>

:

sinh� : for k = �1

� : for k = 0

sin� : for k = +1

(B.11)

with

� =




H

0

R

0

Z

z

2

z

1

dz

p

Q(z)

(B.12)

In a stati
 Eu
lidean spa
e, one 
an de�ne a variety of distan
es a

ording to the method of

measurement, whi
h are all equivalent. In an expanding universe with non-zero 
urvature one


an de�ne the same set of distan
es in a way su
h that they look as Eu
lidean as possible,

and they all 
an be related to ea
h other.

The dimensionless 
omoving 
oordinate 
an be transformed into a distan
e by multiplying �

with the present day s
ale fa
tor R:

D = R

0

� : (B.13)
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This distan
e has the meaning of the proper distan
e that an obje
t has today. The proper

distan
e at some other time 
an be obtained by deviding equation (B.13) by (z+1), where z

is the redshift at the 
orresponding time. For the spe
ial 
ase of 


�

= 0, an analyti
 formula

for this distan
e 
ould be derived (Mattig, 1958):

D =

2


H

0

1




2

0

h




0

z � (2�


0

)(

p

1 + 


0

z � 1)

i

1

1 + z

(B.14)

The angular diameter distan
e is a distan
e de�ned su
h that the relation between proper

length d of an obje
t and its angular proje
tion on the sky (�) looks as Eu
lidian as possible:

d = D

A

� � ; (B.15)

D

A

=

R

0

�

(1 + z)

: (B.16)

In the same way one 
an de�ne a luminosity distan
e:

D

2

L

=

L

4�F

; (B.17)

where L is the luminosity of the sour
e, and F is the 
ux measured by the observer. Let a

sour
e of light be lo
ated at the origin of a 
omoving 
oordinate system. The sour
e emmits

photons that arrive at a spheri
al surfa
e around the origin, whi
h (at the present time) has

the area 4�D

2

C

, so the radiant 
ux will be diminish as 1=D

2

C

. Two e�e
ts, in addition to the

inverse square law, a
t to redu
e the value of the radiant 
ux measured at this sphere. The

energy of ea
h photon is redu
ed by a fa
tor of 1+ z. Also, 
osmologi
al time dilation a�e
ts

the average time intervalls between photons emitted by the sour
e. This means that the rate

at whi
h the photons arrive at the sphere is less than the rate at whi
h they leave the sour
e

by another fa
tor of 1 + z. Combining these e�e
ts, the 
ux at the sphere's surfa
e is

F =

L

4�(R

0

�)

2

(1 + z)

2

; (B.18)

so for the luminosity distan
e one �nds

D

L

= R

0

�(1 + z) : (B.19)

For the 
omparison of the 
orrelation fun
tion at di�erent times in the evolution of the large

s
ale stru
ture we need to know the physi
al distan
es between the galaxies in the epo
h under


onsideration. This is a major problem, be
ause the physi
al distan
e between two galaxies

at two di�erent redshifts z

i

and z

j

is not properly de�ned - sin
e two di�erent redshifts mean

two di�erent epo
hs, it is only possible to give a physi
al distan
e of the two obje
ts at the

present epo
h.

For the angular distan
e the re
ipro
ity theorem applies:

D

i;j

A

= D

j;i

A

1 + z

i

1 + z

j

: (B.20)

The symmetry properties of the angular distan
e are dis
ussed in detail in Kayser et al. (1997).
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A good approximation for �z = z

i

� z

j

� 1 is to �rst 
al
ulate the distan
e the two galaxies

have today, and then proje
t it to the epo
h under 
onsideration, by deviding by (1 + �z),

where �z = (z

i

+ z

j

)=2. For small radial intervals where 
urvature is negligible, we 
an also

make a further simpli�
ation: instead of integrating the line element of the RWM with d� 6= 0

and d� 6= 0, we use the law of Pythagoras, as if it were stati
, Eu
lidean spa
e. Thus

d

i;j

=

s

(D

A

(�z) � �)

2

+

�

D(�z)

(1 + �z)

�

2

; (B.21)

=

s

�

R

0

�

0;�z

�z

� �

�

2

+

�

R

0

�

z

i

;z

j

�z

�

2

:

The subs
ripts in � indi
ate that in the 
ase of D

A

the integration in � (see equation(B.12))

is 
arried out from 0 to �z, for D it is 
arried out from z

i

to z

j

.
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