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Abstract
Within the ROSAC project, an international collaboration, optical follow-up
spectroscopy has been carried out in order to reveal the AGN nature of candi-
dates taken from the ROSAT All-Sky Survey (RASS). The goal of this project
was the study of low redshift AGNs with regard to their clustering properties
and the emergence of superstructures, that are formed by AGNs.

An area of 363.4 deg2 in the constellation of Ursa Major (8h < � <11h,
45Æ < Æ <58Æ) was selected and a sample of 161 AGNs, in the redshift range
0.1<z<0.5, was constructed. The surface density of �0.44 AGNs/deg2 is the
largest of soft X-ray selected AGNs ever gathered. The �nal AGN sample is
about 81% complete, and the missing 19% had to be simulated.

Due to the inhomogeneous exposure times in the RASS, which led to a moun-
tainous shape of the X-ray 
ux limits, the determination of the selection func-
tions was a costly task. The main selection function was the X-ray luminosity
function of the sample, that is consistent with formerly investigated samples of
X-ray AGNs.

The clustering properties were explored by using the 2-point correlation func-
tion, �(r) = (r=r0)

�
 . As comparison to the AGN sample random samples
were generated by the means of the X-ray luminosity function, resulting in a
clustering signal of r0=7�2h�1Mpc with a �xed 
=1.8 on scales r <10h�1Mpc.
This result is statistically insigni�cant due to the low number of AGN pairs on
small scales. However, this trend could be con�rmed with larger samples in the
future.

The minimal spanning tree technique was successfully applied to search for
superstructures within the AGN sample. Two new AGN groups on the 3.1� and
2.1� signi�cance level were found. They contain 14 and 6 members at redshifts
of �0.21 and �0.28, respectively. The number of superstructures found in the
random samples is of the same order as for the AGN sample, which implies that
such large structures resemble chance 
uctuations.

Finally, dark matter N-body simulations in the form of a biased and an un-
biased sample were used to examine the AGN clustering properties in a more
detailed way. It turned out that the AGN sample was biased with respect
to the unbiased dark matter in the Universe with a linear bias parameter of
bX�ray=1.5

+0:2
�0:3. Moreover, it appeared that the probability of �nding super-

structures is dependent on the bias of the considered population. Nevertheless,
it is unlikely to �nd an enhanced number of superstructures even in a weakly bi-
ased sample. This is another proof for the random character of superstructures
in the Universe.

Altogether, the results of the ROSAC project in conjunction with earlier studies
of AGN clustering and environments underline the requirement for a minor
merging process as ignition of the nucleus activity in low luminosity AGNs at
low redshifts.



Zusammenfassung
Die vorliegende Arbeit beschreibt die Ergebnisse einer Analyse der r�aumlichen
Verteilung von Aktiven Galaxien Kernen (AGN) im Rotverschiebungsbereich
0.1<z<0.5. Die AGN stammen aus einer im ROSAT All-Sky Survey (RASS)
selektierten 
u�-limitierten Stichprobe auf einer Fl�ache von 363.4 deg2 im Stern-
bild Ursa Major. Die Identi�zierung wurde im Rahmen einer internationalen
Kollaboration, dem ROSAC Projekt, durchgef�uhrt. Es wurde eine Vollst�andig-
keit von 81% erreicht, so da� der unvollst�andige Teil der Stichprobe durch
Zufallszahlenstichproben simuliert wurde.

Um Vergleichsstichproben f�ur die statistische Analyse zu gewinnen, mu�te die
Auswahlfunktion bestimmt werden. Aufgrund starker Inhomogenit�aten der
Belichtungszeiten im RASS sind die abgeleiteten Flussgrenzen ebenfalls sehr
unterschiedlich. Folglich ist die Bestimmung der Auswahlfunktion, die im
wesentlichen durch die AGN Leuchtkraftfunktion gegeben ist, �au�erst aufwendig.
Erfreulich ist die gute �Ubereinstimmung der berechneten AGN Leuchtkraftfunk-
tion mit fr�uheren Arbeiten zu diesem Thema.

F�ur die Untersuchung der Clustering Eigenschaften wurde die 2-Punkt Korre-
lationsfunktion, �(r) = (r=r0)

�
 , ausgew�ahlt. Zufallsstichproben dienten als
Vergleich zur wahren AGN Stichprobe, wobei ein Signal von r0=7�2h�1Mpc
auf Skalen r <10h�1Mpc bei fest vorgegebenem Parameter 
=1.8 gefunden
wurde. Wegen der geringen Anzahl von AGN in der vorliegenden Stichprobe
ist dieses Ergebnis nicht signi�kant. Dieser Trend kann jedoch in der Zukunft
durch gr�o�ere Stichproben best�atigt werden.

DieMinimal Spanning Tree Technik wurde erfolgreich zur Suche nach gro�r�aumi-
gen Strukturen in der vorliegenden AGN Stichprobe angewandt. Zwei AGN
Gruppen mit 14 und 6 Mitgliedern bei einer Rotverschiebung von �0.21 und
�0.28 wurden auf einem Signi�kanzniveau von 3.1� und 2.1� entdeckt.

Aus Dark Matter N-body Simulationen folgte, da� die AGN Stichprobe von einer
nicht gebiasten Stichprobe abweicht. Diese Abweichung l�a�t sich durch einen
linearen bias Parameter bX�ray=1.5

+0:2
�0:3 beschreiben. Au�erdem zeigte sich, da�

st�arker gebiaste Stichproben zu einer h�oheren Auftrittswahrscheinlichkeit von
AGN Gruppen f�uhrten. Bei dem relativ schwachen Biasing der vorliegenden
AGN Stichprobe ist es jedoch unwahrscheinlich, da� eine erh�ohte Anzahl von
AGN Gruppen gefunden wird. Dies unterstreicht den Zufallscharakter bzgl.
des AuÆndens von AGN Gruppen. Nichtsdestotrotz k�onnen diese Strukturen
wahre Dichteerh�ohungen auf gro�en Skalen im Universum nachzeichnen.

Insgesamt unterst�utzt das Ergebnis des ROSAC Projektes in Verbindung mit
fr�uheren Untersuchungen zum AGN Clustering und ihren kosmologischen Umge-
bungen Minor Merging Prozesse als ausl�osendes Ereignis der Kernaktivit�at in
leuchtkraftschwachen AGN bei kleinen Rotverschiebungen.
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Chapter 1

Introduction

The past few decades have led to a gigantic development in the �eld of cos-
mology, the formerly pursued issue of chasing after cosmological parameters is
being superseded by the work on large-scale structures. In other words, at-
tention is drawn on how the structures traced by matter (luminous material in
form of galaxies) have evolved from tiny perturbations in the primordial density
�eld visible as temperature 
uctuations in the cosmic microwave background
radiation. Early sky surveys aiming at collecting numerous galaxies revealed
the �rst indications of cellular structures in the distribution of local galaxies,
followed by the discovery of features like voids and superclusters, which in
turn span a structural network. Due to their restricted luminosities, galaxies
can only be observed in the nearby Universe and more powerful sources are
needed in order to study large-scale structures in the far Universe. Quasars
or Active Galactic Nuclei (AGNs) generate the required luminosities and are
useful sources mapping structures in the deep Universe, where structure forma-
tion scenarios provide high density peaks as birth places for the �rst objects
and/or agglomerations ever formed. Rich clusters of galaxies as well as quasars
present populations that could reside in such density peaks, whereas groups of
quasars could point to the largest peaks in the density �eld or to a few close
density peaks, that could be the progenitors of superclusters in the local Uni-
verse. Especially, the lack of samples at intermediate distances, between the
local Universe and the epoch when the number density of quasars peaked, has
prevented us from making inferences of structure evolution. Within the scope
of this work, light will be shed on this still dark issue.

1.1 Cosmology

The common basis for large-scale structure studies in the Universe is the knowl-
edge of the applied cosmological model. Most of the cosmological models are
based on an initial Big Bang, followed by an extremely short period, that is
governed by quantum gravitation. This �rst fraction of the Universe history
is still unknown, due to the lack of our knowledge on the theory of quantum

7



8 CHAPTER 1. INTRODUCTION

gravitation so far. Its threshold is given by the Planck time tp � 10�43s, where
classical physics comes into play. Particles such as quarks are formed, while sub-
sequent decrease of the temperature leads to the formation of larger particles:
nucleons followed by the nucleosynthesis of D, 3He, 4He, and 7Li. More and
more nucleons and electrons 'recombine' to hydrogen chie
y, so that most of
the electrons are absorbed. Now photons are unhindered, their mean free path
length is of the order of c=H, and they decouple from matter. The Universe is
still dominated by radiation (with respect to matter). The end of this era is
marked by the formation of neutral hydrogen. This process, known as recombi-
nation, is also the birth of observational astronomy, since photon propagation
was prevented before by Thompson scattering. Later on the transition from the
radiation- to a matter-dominated Universe occurred by the virtue of their dis-
tinct energy density dependencies on the scale factor. This equality of matter
and radiation density was accomplished at about z � 1500. The three red-
shift times for the processes of photon decoupling zdec, H-recombination
zrec, and matter-radiation equality zeq are given approximately by (Kolb &
Turner 1990)

1 + zeq = 2:32 � 104 
mh
2 � 1500 (1.1)

1 + zrec = 1380 (
bh
2)0:023 � 1240 � 1380 (1.2)

1 + zdec = 1100 (
m=
b)
0:018 � 1100 � 1200 (1.3)

From now on matter governs the Universe and the radiation cannot prevent the
gravitational growth of primordial density 
uctuations anymore. The stage is
open to the �eld of structure formation.

However, within the �rst moments of the Universe some enigmas were generated
in the standard isotropic cosmology, such as the horizon problem, the 
atness
problem, and the expansion problem. An extremely fast expanding Universe
for a short period could solve these problems. This phase is known as in
a-
tionary universe. The theory of in
ation has been of paramount importance
to cosmology, since it provides us with a model to overcome the shortcom-
ings of the standard cosmology, and at the same time it explains the origin of
initial inhomogeneities, the seedings for large-scale structures in the early Uni-
verse (Guth 1981, Kolb & Turner 1990, Linde 1993, Liddle & Lyth 1993, and
references therein). Quantum 
uctuations in the in
aton �eld whose vacuum
energy drives in
ation are responsible for the emergence of the seminal inho-
mogeneities that are imprinted in the temperature 
uctuations of the Cosmic
Microwave Background Radiation (CMBR).

The redshifted relic of the last-scattering surface is the CMBR. Penzias & Wil-
son (1965) serendipitously found this isotropic radiation at 7.35 cm with a
temperature of 3.5 K. Further proof of such a radiation was made by the Cos-
mic Background Explorer Satellite (COBE), launched in 1989 (Smoot et al.
1990). The measured data showed a perfect blackbody spectrum with a tem-
perature of (2.728�0.004) K (Wright et al. 1994, Fixsen et al. 1996). In the
1940s an echo from the Big Bang was already postulated at about 5 K (Gamov
1946 and Alpher & Herman 1948). Prior to this discovery, the excitation of
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rotational energy levels in interstellar CN molecules in the direction toward the
star � Ophiuchi showed the �rst �ngerprint of a background radiation (McKel-
lar 1940). Unfortunately, it was not recognized as being of cosmological ori-
gin. Recent high-resolution measurements of the interstellar lines of CN have
strengthened the COBE result (Crane et al. 1986, Roth, Meyer and Hawkins
1993). Anisotropies in the CMBR have an immense meaning to the formation of
large-scale structures and galaxies as well as to our knowledge of the early Uni-
verse. They are the �rst unambiguous visible seeds of density inhomogeneities
in the Universe, the beginning of the growth of structures via gravitation. By
all means, observational or theoretical results in the cosmological �eld of large-
scale structures have to be reconciled with the CMBR.

1.1.1 Cosmological models

The assumption that the strongest force on large scales in the Universe is grav-
ity, leads to the best available theory we have: Einstein's theory of general rela-
tivity. This theory describes gravity accurately well. The cosmological principle
is a fundamental principle on which most cosmological models are based - at
least on large scales. Moreover, it is independent of the theory for gravitation.
The cosmological principle comprises the following statements regarding to the
distribution of matter and radiation in the Universe:

HOMOGENEITY and ISOTROPY

An homogeneous Universe means a constant density, whereas isotropy can be
described by the same in all directions. Interestingly, isotropy implies homo-
geneity, but not the reverse. The advantage of considering a homogeneous Uni-
verse is that our neighborhood becomes representative for the entire Universe.
There is ample evidence for an isotropic Universe coming from the CMBR par-
ticularly. Implementing the motion of the Galaxy with respect to the cosmic
rest frame (dipole anisotropy) the temperature of the CMBR is extremely uni-
form. Hence, an isotropic expansion of the Universe would lead to an anisotropy
in the temperature measurements of the CMBR. Nevertheless, the �rst Red-
shift Surveys of galaxies in the local Universe, for instance CfA Redshift Survey
(Huchra et al. 1983 (CfA1) and Huchra et al. 1999 (CfA2)), showed clearly in-
homogeneities. How does it match to the cosmological principle? Firstly, these
inhomogeneities arise on small scales only. Secondly, large-scale surveys, such as
the Las Campanas Redshift Survey (Shectman et al. 1996), found an emergence
of homogeneous patterns on scales >100h�1Mpc (Tucker et al. 1997). There-
fore, a transition from small scale inhomogeneities to a homogeneous Universe
on large-scales does not jeopardize the cosmological principle.

Under consideration of the cosmological principle, the geometry of the space-
time can be described by the Robertson-Walker metric, which is the most gen-
eral metric for this concern:

ds2 = dt2 � a2(t)

"
dr2

1� kr2
+ r2d�2 + r2 sin2 � d�2

#
(1.4)
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where the spatial curvature k (-1,0,1) tells us whether space is hyperbolic, 
at or
spherical. The coordinates t, r, �, and � are referred to as comoving coordinates.
The cosmic scale factor a(t) describes the expansion of the Universe as a func-
tion of time, and is scaled to be unity at the present epoch a(t = 0) = a0 = 1.
An homogeneous expansion therefore implies r(t) = a(t)r0, where r0 is any
distance at the present epoch, and r(t) describes this distance as a function of
time.

The dynamics of the Universe is governed by the Friedmann equation, a par-
ticular solution of Einstein's �eld equations�

_a

a

�2
=

8�G�

3
� k

a2
+
�

3
(1.5)

�a

a
= �4�G

3
(�+ 3p) +

�

3
: (1.6)

The �rst equation is equal to H2, which is the Hubble parameter whose current
value at t0 is denoted H0. The Hubble constant describes the expansion of the
Universe, its actual value is 71�6 kms�1Mpc�1 according to the Hubble Space
Telescope Key Project on the Extragalactic Distance Scale (Mould et al. 2000).
Usually the inverse and dimensionless Hubble constant h = H0=100 is preferred,
so that distances are given in units of h�1Mpc (for H0=100(km/s)/Mpc: h=1).
Equation (1.5) means that three di�erent terms drive the expansion of the
Universe: a matter term 
m, a curvature term 
k, and a cosmological constant
term 
�. De�ning for the present epoch


m =
8�G

3H2
0�

(1.7)


k = � k

a20H
2
0

(1.8)


� =
�

3H2
0

(1.9)

the �rst Friedmann equation can be written as

1 = 
m +
k +
�: (1.10)

This simple sum rule has been dubbed cosmic triangle (Bahcall et al. 1999),
whereby an equilateral triangle is depicted by the three Omegas and every point
within the triangle lies at an intersection of lines of constant 
m, 
k, and 
�.
As of this writing new ideas pertaining the acceleration of the Universe are a
matter of debate. In contrast to the cosmological constant � (a static uniform
vacuum density) a dynamical form of evolving inhomogeneous dark matter,
called quintessence, becomes more and more fashionable (see Caldwell et al.
1998, Ma et al. 1999, Wang et al. 2000, and references therein). Consequently,
the triangle could be extended by adding fourth component (
Q) in the future.

1.1.2 Gravitational growth of inhomogeneities

As we already know from the observational results of the CMBR and from the
theory of in
ation, density inhomogeneities were generated at an early stage of



1.1. COSMOLOGY 11

the Universe. The regarded quantity is the density contrast

Æ(x) =
�(x)

�0
� 1 (1.11)

where �(x) is the matter density at any location x in the Universe, and �0 is
the mean background density.

It is clear that gravitation is the dominant force, that governs the evolution of
these small deviations from homogeneity and isotropy. If the mean free path of
a particle is small, matter can be treated as an ideal 
uid. In the Newtonian
limit the motion of self gravitating particles can be described by the following
set of equations:

� Euler equation

@(av)

@t
+ (v � rx)v = �1

�
rxp�rx� (1.12)

� Continuity equation

@�

@t
+ 3H�+

1

a
rx � �v = 0 (1.13)

� Poisson equation

r2

x� = 4�Ga2(�� �0) = 4�Ga2�0Æ (1.14)

These equations can be linearized under the condition that Æ � 1. As long as
this condition holds linear theory is applicable. A linear second order di�erential
equation is obtained for the linear density contrast under the assumption that
pressure can be ignored (p=0)

�Æ + 2H _Æ � 3

2

H2Æ = 0: (1.15)

For simplicity a spatially 
at pressureless matter-dominated Universe is con-
sidered. Therefore, �0 = 1=6�Gt2 and equation (1.15) gives two linearly inde-
pendent power-law solutions Æ(x; t) = D�(t)Æ(x). The quantity D�(t) denotes
the linear growth factor where D+(t) / a(t) / t2=3 is the growing mode and
D�(t) / t�1 is the decaying mode. A more general expression of the growth
factor in terms of the cosmic expansion factor is (Heath 1977 and Carroll, Press
& Turner 1992):

Æ(a) =
5

2

m

1

a

da

d�

Z a

0

�
da0

d�

��3
da0 (1.16)

where � = H0t is a dimensionless time variable. Note that the expansion of the
Universe suppresses the growth of structure formation, since the accretion onto
the primordial density 
uctuations is prevented by the expansion. The linear
growth factor dictates how the density 
uctuations evolve in the linear regime
(Æ � 1) as a function of the background cosmology. Hence, it is interesting
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to derive the linear growth factor in di�erent cosmologies. The more simple
cosmologies are those with 
k = 0 and 
� = 0. The linear growth factor is
given by Sahni & Coles (1995) as

D+(z) =
1 + 2
m + 3
mz

j1� 
mj2 + 3
m
(1 + z)

p
1 + 
mz

j1� 
mj5=2
f(
m; z); (1.17)

where

f(
m; z) = �1
2
log[

p
1 + 
mz +

p
1� 
mp

1 + 
mz �
p
1� 
m

]; (1.18)

f(
m; z) = arctan

s
1 + 
mz


m � 1
; (1.19)

for a closed (
m < 1) and an open (
m > 1) Universe, respectively. A good
approximation for 
m � 1 is

D+(z) '
�
1 +

3

2

m

��
1 +

3

2

m +

5

2

mz

��1
; (1.20)

which, setting 
m = 1 (standard cosmology), gives

D+(z) ' (1 + z)�1: (1.21)

The linear growth factor is normalized to D+(z = 0) = 1. The �tting formula
for 
m < 1 was taken from Peebles (1980) and is also discussed in Lahav et al.
(1991). Another important case is that of a spatially 
at (
k = 0) model with
cosmological constant (
� 6= 0), so that 
� +
m = 1. Now the growing mode
of the linear growth factor is

D+(z) = A
5

6
Bx

�
5

6
;
2

3

��

m


�

�1=3 �
1 +


m


�(1 + z)�3

�1=2
; (1.22)

x =

�(1 + z)�3


m +
�(1 + z)�3
; (1.23)

where A is a constant calibrated by the value of D+(z = 0) = 1 and Bx is the
incomplete beta function.

The statistics of primordial density 
uctuations comprise the entirety of all
modes. So far, the discussion was about a single Fourier mode Æ(x; t) only.
The di�erent modes usually have discordant amplitudes and a discussion can
be done in the framework of Fourier transform. The Fourier modes, however,
are statistically independent if the distribution is statistically homogeneous.
Moreover, the Fourier modes would be eigenfunctions of the spatial translation
operator irx and the density �eld would consist of a stochastic superposition
of such modes with di�erent amplitudes. The Fourier transform of the density
contrast Æ(x) and its inverse transformation Æ̂(k) are written as

Æ̂(k) =
1

(2�)3

Z
d3x e�ikxÆ(x) (1.24)

Æ(x) =

Z
d3k eikxÆ̂(k): (1.25)
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Figure 1.1: The linear growth factor for three di�erent cosmologies is depicted
as a function of redshift. For the model (
m = 0:3;
� = 0:7) the normalization
factor A is � 2.22.

The power spectrum P(k) of the density �eld can be expressed as a function
of the variance of the amplitudes for a given k

< Æ̂(k1)Æ̂(k2) >= P (k1)Æ
D(k1 + k2); (1.26)

where ÆD is the Dirac delta function. That takes into account the symmetry
for the power spectrum. Interestingly, the corresponding quantity in real space
is the two-point correlation function, �(r), or better autocovariance function,
which can be derived from redshift surveys:

< Æ(x1)Æ(x2) >= �(jx1 � x2j) = �(r): (1.27)

The two-point correlation function is the Fourier transform of the power spec-
trum for a statistically homogeneous random �eld:

�(x) =

Z
d3keikxP (k) (1.28)

P (k) =
1

(2�)2

Z
d3xe�ikx�(x): (1.29)

This relation is known as the Wiener-Khintchin theorem (Coles 1996). Both
the power spectrum and the two-point correlation function give a complete
statistical characterization of the density �eld if this is a Gaussian random
�eld. In
ationary theory predicts exactly this kind of �eld, that is generated
by quantum 
uctuations in a scalar �eld (Brandenberger 1985).

The need of a transfer function: The majority of the matter in the Universe is
not made of atoms! The primordial power spectrum Pp(k) describes the �rst
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available mass spectrum of the Universe. Its evolution would simply scale with
the linear growth law if there were not any other physical e�ects to consider.
In reality the initial spectrum does not reach the present epoch unchanged due
to physical processes that arise as soon as 
uctuations enter the cosmological
horizon. The primordial spectrum is in
uenced by cosmological parameters and
by the form of non-baryonic matter. The type of non-baryonic matter plays
a major role in reshaping the spectrum, whose in
uence is comprised in the
transfer function T (k), that logically transfers the primordial spectrum to
the present epoch

P0(k) = Pp(k) � T 2(k): (1.30)

Before discussing the transfer function in detail, statements should be made on
the non-baryonic matter. Nowadays, three forms of non-baryonic dark matter
are competing: (1) Hot Dark Matter (HDM), (2) Cold Dark Matter (CDM), and
(3) Warm Dark Matter (WDM) or Mixed Dark Matter (MDM). The WDM and
MDMmodel are just two expressions meaning the same. The HDMmodel refers
to low-mass neutral relativistic particles such as neutrinos or the more exotic
majorons. These particles have a cosmological number density comparable to
that of photons, which imposes a restriction to their mass, �mi(�) � 
�92h

2eV.
Neutrinos are responsible for a free streaming, so that small density 
uctuations
are smoothed out early and structures form at supercluster size with M �
1015M�, called Zel'dovich pancakes. Fragmentation of these pancakes leads to
smaller and smaller structures. The main problem of this model, called top-
down, is the formation of galaxy-like structures at a late stage of the Universe,
z<2, (Subramanian & Padmanabhan 1993), which is ruled out by observations.

Weakly Interacting Particles (WIMPs) and Massive Astrophysical Compact
Halo Objects (MACHOs) are the representatives of the CDM model. WIMPs
and MACHOs are non-relativistic, thus an early suppression on small scales is
prevented and structures form and grow according to the bottom-up scenario,
which is also called the hierarchical model. Even though this model gives a
better output than the HDM model and even though observed structures in the
Universe are traced more convincingly, problems emerge as well. Speci�cally,
the prediction of small scale clustering is too strong, whereas on large scales
good agreement is achieved.

In cosmology, the two existing 
uctuation modes are adiabatic and isocurva-
ture. The latter perturb the entropy density but not the energy density, whereas
adiabatic 
uctuations a�ect the matter and radiation component in a way that
the entropy does not vary spatially. As of this writing no successful model of
structure formation has been constructed with isocurvature modes. However,
adiabatic 
uctuations are predicted by in
ationary theories, which strengthen
their selection. The growth of structures can be in
uenced by some processes
on small scales: free streaming of dark matter particles at the speed of light can
erase perturbations, relativistic particles may cause a suppression of structure
evolution, and the coupling of photons and baryons can hamper the growth of
the baryonic component. For statistically homogeneous initial Gaussian 
uctu-
ations these e�ects can be put together in a single function, the transfer function
T (k), that relates the primordial power spectrum Pp(k), which is usually taken
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to be proportional to a power law kn, to the current power spectrum P (k).

Figure 1.2: The CDM transfer function T (k) and the power spectrum, accord-
ing to equation (1.30), are shown for three di�erent �ts: Bardeen et al. (solid),
Peacock & Dodds (dashed), and Sugiyama (dotted-dashed). The power spec-
trum is normalized to the microwave anisotropies, as given by the 4 year data
from the COBE DMR experiment (Bunn & White 1997, Liddle et al. 1996),
while applying a cosmology with 
m = 0:3, 
� = 0:7, and H0 = 70. The
right panel includes the estimated power spectrum (diamonds) from the APM
angular galaxy catalogue (Gazta~naga & Baugh 1998).

Bardeen et al. (BBKS, 1986) presented a transfer function for a CDM model
with adiabatic 
uctuations from numerical calculations, that considers the phys-
ical processes responsible for the change of the primordial power spectrum:

T (k) =
ln(1 + 2:34q)

2:34q
� [1 + 3:89q + (14:1q)2 + (5:46q)3 + (6:71q)4]�0:25 (1.31)

with q = k=(
mh
2), which includes the shape parameter �=
mh

2. Peacock &
Dodds (1994) found a �tting solution for CDM models requiring � = (0:255 �
0:017) + 0:32(1=n � 1). Furthermore, they note that the BBKS scaling applies
for models with zero baryon content only and propose the scaling:

q = k=(
mh
2 exp(�2
b)): (1.32)

The primordial ratio of the number of deuterium to hydrogen nuclei created in
the Big Bang nucleosynthesis is the most sensitive measure for the baryon den-
sity 
b. Quasar absorption systems give measurements of the primordial deu-
terium and the best value obtained recently in this way is 
bh

2=0.019�0.0024
(Burles et al. 1999). Sugiyama (1995) ver�ed that Peacock's modi�cation
applies well for 
m=1 models. However, further re�nements are needed for
low-density Universe models, since the e�ect of baryons is larger. Sugiyama
proposed the following scaling:

q =
k(TCMB=2:7K)2


mh2 exp(�
b �
p
h=0:5
b=
m)

(1.33)

As long as the the density contrast is small (Æ � 1) linear theory gives excel-
lent predictions of the growth of structures in the Universe. This regime breaks
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down as soon as the density contrast approaches unity, and the transition to
the quasi-linear and later to the non-linear regime is reached. The phases of
the Fourier components Æk di�er from their initial values and the power spec-
trum changes as well. Now, N-body simulations come into play (Bertschinger
1998) to overcome the problems that arise while entering the non-linear regime,
where bound structures (e.g. galaxies) form. Physical processes like cooling,
feedback and star formation as well as hydrodynamical e�ects (shocks) have
to be considered. The spatial dark matter component is likely to di�er from
that of luminous material, which invoked the concept of biasing. Mass is only
converted into light at the densest regions in the Universe, creating a luminous
component more clustered than the mass (Kaiser 1984). It is useful to introduce
the linear bias factor b,

�AGN (r) = b2�mass(r); (1.34)

if b = 1 AGNs would perfectly trace matter in the Universe. It may be the case
that each class of objects is biased in a di�erent manner or, even worse, that
the bias of the same class of objects is dependent on the selection criteria. For
instance, X-ray and optical selected AGNs could be biased di�erently. In any
case, the knowledge of the bias parameter, which is certainly not just a constant
but a function of the mass and redshift, o�ers the opportunity to estimate the
clustering properties of objects by applying dark matter N-body simulations.
Collapsed dark matter haloes are generally considered as galaxies or AGNs in
N-body simulations. Mo & White (1996) developed a simple analytic model for
the gravitational clustering of dark matter haloes based on the Press-Schechter
formalism (1974), which was tested against dark matter N-body simulations in
order to understand how the spatial distribution of dark matter haloes (possible
AGNs) is biased relative to that of the mass

b(M; z) = 1 +
1

Æc;0

"
Æ2c (z)

�2(M)
� 1

#
(1.35)

where Æc(z) is the threshold density for the collapse of a homogeneous spherical
perturbation at redshift z (Æc(z) = D(z) � Æc;0). The quantity �(M) is called
rms 
uctuation of the linear density �eld on mass scale M, which is

�2(M) =
1

2�2

Z 1

0
k2P (K)W 2(kr)dk; (1.36)

where the spherical top hat window function is given by

W (kr) =
3(kr sinkr � cos kr)

(kr)3
: (1.37)

Other smoothing �lters as the spherical top hat window, which is frequently
used, are conceivable (e.g. a Gaussian-�lter).

1.1.3 Theory of Great Attractor-like structures

The growth of interest in incorporating superstructures in the theory of struc-
ture formation was ignited by the discovery of the Great Attractor (Lynden-Bell
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et al. 1988). Further evidence for the existence of large structures came from
the 128h�1Mpc periodicity of the galaxy distribution observed by Broadhurst
et al. (1990), which originates from the tails of superclusters according to Bah-
call's (1991) observational investigation. Despite the observational proof, such
one-dimensional signatures of periodicity can arise in pencil-beam surveys as a
result of small scale galaxy clustering (Kaiser & Peacock 1991 and Park & Gott
1991). Great Attractor-like structures are de�ned as places in the gravitational
potential �eld where infall from all directions occurs. These superstructures
result from the gravitational growth of initially small random Gaussian 
uctu-
ations. They may be at a quasi-linear or slightly nonlinear stage of evolution
and may not have had enough time to form gravitationally bound system like
clusters of galaxies. The clustering of Abell clusters (e.g. the Great Attrac-
tor consists of six such clusters) has been explained as being formed from rare
peaks of primordial density 
uctuations having random phases. It was shown
that rare density peaks have enhanced correlations, that produce the required
signal for Abell clusters in the two-point correlation function (Kaiser 1984). Un-
der the hypothesis that AGNs reside in clusters of galaxies, one would expect
similar correlations of about 20h�1Mpc for them leading to a few superstruc-
tures. Nevertheless, the large extensions (100-200h�1Mpc) of AGN superstruc-
tures claimed to be found in observations (s. chapter 1.4.2) challenge large-scale
structure formation scenarios, if they represent physical enhancements in the
underlying density of the Universe (Bertschinger & Juszkiewicz 1988 and Silk
& Weinberg 1991).

The theoretical approach to Great Attractor-like structures has always been
based on the linear evolution of Gaussian density �elds, that was carefully
deduced by Bardeen et al. (1986; BBKS) in three dimensions. In this work
they de�ned some parameters as follows:

� =
Æ

�0
(1.38)


 =
�21
�0�2

(1.39)

R� =
p
n
�1
�2
: (1.40)

The meaning of these parameters is: � is the measure of the peak height in
units of the rms density 
uctuations � of a given scale, 
 is the width of the
power spectrum, and R� is a measure of the coherence scale in the �eld. The
quantities 
 and R� are called spectral parameters, since they are related to
various moments of the power spectrum

�2j =

Z
k2

2�2
P (k)k2jdk: (1.41)

In order to smooth the density �eld on a certain scale two �lters or smoothing
functions are in use, a Gaussian �lter

P (k;RG) � e�(kRG)
2

P (k) (1.42)
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and a top hat �lter

P (k;RTH) =

�
3(sin(kRTH)� kRTH cos(kRTH))

(kRTH)3

�2
P (k): (1.43)

The mass enclosed by the two smoothing functions is the same for RG=0.64RTH ,
and the characteristic mass enclosed by a Gaussian smoothing function in the
present Universe is

MG = (2�)3=2�0R
3
G = 4:37 � 1012R3

Gh
�1M�: (1.44)

The interesting quantity is the number density of peaks higher than a given
height �

npk(�) =

Z 1

�
Npk(�

0)d� 0; (1.45)

which is presented in BBKS (�gure 3), whereas the asymptotic cumulative
number of arbitrary heights can be evaluated analytically:

npk(�1) = 0:016R�3� : (1.46)

Using the above quoted relations, a simple estimation for superclusters of
galaxies can be performed. The typical mass of a supercluster of galaxies is
of the order of 1016h�1M�, which refers to a Gaussian smoothing scale of
13h�1Mpc. The spectral parameters for this scale are taken from BBKS (�g-
ure 1): 
 �0.78 and R� �1.2RG. The number density over all heights gives
npk(�1)= 4.22�10�6h3Mpc�3, which is certainly not more than an upper limit
of the space density of superclusters of galaxies, since such big structures require
large heights of the �eld (� � 1). Selecting �=3 the product npk(> �)�R3

� yields
�1.5�10�3 (�gure 3 from BBKS) and npk(> �) � 4 � 10�7h3Mpc�3. In contrast,
Abell clusters of richness class �1 have a space density of � 6 � 10�6h3Mpc�3,
which can be derived from the BBKS formalism with the corresponding mass
of clusters. At last, Heavens (1991) found that the number density of attractors
is lower than the number density of peaks, by a factor of [(n+5/n+1)]3=2 for
Gaussian-�ltered 
uctuations with spectral index n, which is a factor of 5 for
n=1.

Modeling of Great-Attractor-like structures exhibits that these large structures
evolve from high-density peaks with overdensities Æ � (1-2)/(z+1), peak-half
widths RÆ=2=(20-25)/(z+1)h

�1Mpc, and a mass MGA � 5 � 1016M� (Hnatyk,
Lukash & Novosyadlyj 1995). In all applied models (CDM, HDM, and MDM),
they found that Great-Attractors are rare phenomena, only 150 of them reside
in the contemporary horizon in the CDM model, while the numbers increase
for the MDM model (N=720) and the HDM model (N=860). This result is
supported by van Dalen & Schae�er (1992), who estimated the number of Great
Attractors based on a Gaussian smoothed amplitude of the density 
uctuation
on a scale of 24h�1Mpc of Æ = 1:2 � 0:4 (Bertschinger et al. 1990a) and the
BBKS formalism. Their work clearly showed that the appearance of Great
Attractors is enhanced in HDM cosmologies in comparison to CDM models.
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Further evidence for the existence of Great Attractor-like structures or their
precursors could be generated at the last scattering surface as �T/T spots in
the maps of the CMB radiation. Bertschinger et al. (1990b) found that the
gravitational potential �eld of the local Great Attractor and its surrounding re-
gions produces a maximum Sachs-Wolfe1 anisotropy of �T/T=(1.7�0.3)�10�5
on an angular scale of 1Æ if the cosmological density parameter 
 is 1. This CMB
anisotropy is slightly smaller than the upper limit on this scale, �T/T�3.5�10�5
(Meinhold & Lubin 1991). For smaller values of 
, the angular scale would
decrease, while the amplitude �T/T would increase. The expected num-
ber of detectable hot spots for which �T/T exceeds the level of detection
(3�T �6.6�10�5) depends on the cosmological model. A CDM model will pro-
duce �170 hot spots in the whole sky with �T/T�3�T , which matches to the
number of Great Attractors (N=150) found by Hnatyk, Lukash and Novosyadlyj
(1995).

An analysis restricted to high-redshift AGNs (mainly quasars) made by Komberg
& Lukash (1994) face the idea that AGN groups at z�1-2 belong to concen-
trations of young clusters of galaxies, which are the progenitors of quasi-linear
systems like the local Great Attractor. The power spectrum on scales 10-
100h�1Mpc, which ranges from the dynamical clustering scale to the coher-
ence scale of Great Attractors, seems to be nearly 
at: �k � k3P (k) � k


with 
 = 1+0:6�0:4. The authors proposed three generations of quasars: (1) Early
quasars at z�3 of which only a small fraction is known today; (2) Quasars
formed by the process of massive merging (major mergers) inside young groups
of galaxies. This generation displays the majority of observable quasars and
peak at z�2-3; (3) Quasars in massive cD galaxies at low or intermediate red-
shifts. The most distant quasars are distributed randomly in space, whereas
the second generation of quasars was born in density peaks, they are at least
partially related to the formation of distant Great Attractors. First they were
formed in (the central part of) protoclusters at z�2.5, that evolve into pro-
genitors of Great Attractors, which are seen as groups of AGNs. The era at
which protoclusters (1-3h�1Mpc) were formed may be re
ected by the present
epoch of Great Attractors, where only the central part became non-linear (10-
30h�1Mpc). Consequently, the density contrast at z�2.5 averaged on the cluster
window should be equal to that for z=0 averaged over the Great Attractors.

Since AGNs cover the entire redshift z=0-2.5, evolutionary studies of large-
scale structures are in principle feasible, even if the number of objects is rather
small. Speci�cally, the lack of low-redshifts samples of AGNs deeper than typ-
ical galaxy redshift surveys (z>0.1), still prevents an understanding of the evo-
lution of structure on large scales.

1The Sachs Wolfe e�ect (1967) arose at the time of last scattering (recombination) due
to gravitational perturbations. Photons that had to climb out of potential wells produced
by high-density regions were redshifted and set their �ngerprint in the cosmic microwave
background as anisotropies.
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1.2 Active Galactic Nuclei - AGNs

The expression Active Galactic Nuclei2 (AGNs) refers to phenomena that occur
in the central part of galaxies. Although evidence for the existence of di�erent
classes of galaxies had already started being gathered. At the beginning of the
century, it was still a long way to the discovery of AGNs. The �rst optical
spectra of galaxies, formerly called nebulae, with strong emission lines were
obtained by Fath (1911). He wrote in his article: ..the spectra of spiral nebulae
vary from one in which the bright lines of the gaseous nebulae are the most
prominent features to one closely analogous to that of the sun. A few decades
later, Carl Seyfert (1943) obtained spectra of six extragalactic nebulae with
high-excitation nuclear emission lines forming a class of objects with similar
spectral characteristics. Nevertheless, the discovery of the enigmatic class of
AGNs was a long time coming. The upcoming radio surveys within the 1950s
and 1960s were the basis for the initial work on AGNs. The 3rd Cambridge
Catalogue (3C, Edge et al. 1959) turned out to be the golden treasury. This cat-
alogue contained 471 sources numbered sequentially by right ascension. Sources
like 3C 48 and 3C 273 played a major role, since they showed extremely small
angular sizes (star-like objects), strong emission lines, and a certain variability.
Unlike earlier investigations Maarten Schmidt (1963), who took a spectrum of
the optical counterpart of 3C 273, made the decisive claim that the 4 emission
lines ([OIII], H�, H�, and H
) in 3C 273 were redshifted by 16% equivalent
to z=0.158. A second look on 3C 48's spectrum revealed a redshift of 0.368
(Greenstein & Matthews 1963). A new business of determining redshifts was
born and many other AGNs were observed shortly after Schmidt's and Green-
stein's publications. In order to produce the high luminosities of AGNs extreme
physical conditions are required. Supermassive black holes were �rst suggested
in the 1960s as explanation to the huge energetical outcome of AGNs (Salpeter
1964 and Lynden-Bell 1969). The importance of AGNs for galaxy formation
and evolution was also recognized (Burbidge, Burbidge & Sandage 1963), since
the growth of black holes is believed to be closely linked to galaxy formation.
All the above combined with the fact that AGNs can be found over a large
redshift range due to their high intrinsic luminosities motivated their search as
well as the study of their characteristics.

1.2.1 Origin and formation of AGNs

AGNs release a big amount of energy in the form of radiation making them
observable at large distances in di�erent wavelength ranges. The fundamental
question is how to generate the energy output. A �rst approach was made by
invoking the gravitational nature of the phenomenon (Hoyle & Fowler 1963) and
the existence of collapsed systems or super massive black holes. Arguments for

2The generic term AGN (singular) or AGNs (plural) is used throughout this thesis for any
kind of object showing nuclear activity, such as Quasars, QSOs, Seyfert galaxies, BL Lacs,
LINERs etc. Recall, that the �rst AGNs were called quasi-stellar radio sources, which was
shortened to quasars.
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the existence of such massive black holes could be provided by some dynamical
search techniques (Kormendy & Richstone 1995).

The problem of the formation of AGNs was �rst addressed by Rees (1984),
who presented a schematic diagram of possible routes for AGN evolution. The
starting point is always a gas cloud, that evolves through several physical
mechanisms into a massive black hole. By the virtue of Krolik (1999) three
possibilities exist for the initial creation of black holes: (1) collapse of an iso-
lated star, (2) merger of two neutron stars or (3) collapse of a gas cloud. The
subsequent growth of the black hole (mass) can lead to super massive monsters
required in AGNs to generate their gigantic luminosities.

An estimation of the mass of the central object can be made assuming an
isotropic, ionized hydrogen gas in the stationary regime around a black hole.
The forces exerted on the gas are the radiation pressure pointing outwards and
the gravitation pointing inwards. In order to fuel an AGN the gravitational
force must be larger or equal to the radiation pressure. This most simple
scenario, spherical accretion, (no rotation of the black hole is assumed) was
worked out by Bondi (1952) for accretion onto stars. Under the assumptions
of a spherical accretion and the equilibrium between the radiation pressure and
the gravitation, the maximum luminosity of a source with a given mass M,
called Eddington luminosity LEdd, is given by

LEdd � 1:26 � 1038
M

M�
erg s�1: (1.47)

The typical luminosities of AGNs, L � 1046 erg s�1, imply central masses of the
order of 108 solar masses (M8). Several other quantities are associated to the
Eddington luminosity: the Eddington accretion rate, at which emission at the
Eddington luminosity can be sustained

_MEdd � 2:2M8M�yr
�1; (1.48)

the Eddington time is de�ned as the time to swallow all the mass around it,
while radiating at the Eddington limit.

tEdd � 4� 108yr: (1.49)

Infalling material into a black hole is assembled onto a disk, which is 
attened
due to the rotation of the black hole. The Lense-Thirring precession forces the
disk to align with the black hole's angular momentum. Viscous dissipation in
the disk heats matter which radiates energy, while spiraling inwards in order to
compensate the energy loss. Finally, matter is swallowed by the black hole. For
a rotating black hole angular momentum considerations discriminate between
geometrically thin or thick accretion disks, that can be described as a function
of the ratio of their height over their radius. In thin accretion disks the gas is in
Keplerian orbit at each radius and slow radial infall occurs as viscosity transfers
angular momentum outward. If the material is unable to cool and radiate away
the energy dissipated by viscous friction, the disk becomes geometrically thick
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(Rees 1984). The accretion rate at the outer part of the accretion disk governs
the geometry of the disk, the higher the accretion rate is the thicker the disk
is. The most direct proof of the existence of an accretion disk is the shape of
the UV/optical continuum emission with the dominant feature of the big blue
bump (Shields 1978 and Malkan & Sargent 1982). The origin of the big blue
bump has been ascribed to thermal (non-stellar) local blackbody emission from
the accretion disk.

After its formation, a super massive black hole's fueling is still a contentious
issue, where the interstellar matter is channeled toward the center of the host
galaxy. On its way to the center the matter has to cross a barrier of angu-
lar momentum and an eÆcient mechanism of extracting angular momentum
from the gas has to be found. Two scenarios are principally competing: (1)
bar-driven in
ows and (2) galaxy encounters or mergers (Struck 1999). The
nonaxisymmetric forces in the disks of barred galaxies lead to inward 
ows of
the gas without the help of any kind of 'outer disturbances' such as interac-
tions or mergers (Simkin et al. 1980 and Shlosman et al. 1990). Numerical
simulations of disk galaxy mergers of comparable mass (calledmajor merger)
show strong gaseous in
ows igniting heavy star formation and nuclear activity
(Mihos & Hernquist 1996). In mergers between gas-rich disks and less massive
dwarf galaxies (called minor mergers) dynamical friction decays the orbit of
the satellite and large-amplitude spirals develop in the primary disk. The con-
sequent nonaxisymmetric structures in the gas di�er from those in stars, so that
stars are enabled to torque the gas, which in turn, deprives the gas of its an-
gular momentum funneling it inwards (Hernquist & Mihos 1995). The induced
central activity may not happen earlier as the dwarf galaxy sinks to the central
kiloparsecs of the massive galaxy. Barnes & Hernquist (1992) emphasized in
their review about Dynamics of interacting galaxies that the triggering of AGN
activity through mergers might be wishful thinking, just a few years before
Hernquist performed the numerical simulations of major and minor mergers.
The enormous development in this �eld has changed our view signi�cantly. A
more detailed discussion about evidences from observations for the onset and
fueling of AGNs will be given in the discussions (chapter 5).

1.2.2 Spectral types of AGNs

After a brief presentation of the energy generation problem within the central
part of AGNs, spectral types of AGNs are touched shortly. There is a big num-
ber of textbooks and publications available about this subject. For the ROSAC
project, that aims at studying the clustering properties of AGNs in general, the
individual spectral type is of no importance as long as the object matches the
criterion to be classi�ed as AGN. Notwithstanding, a short discourse about the
AGN zoo may be of some help.

Common characteristics of quasars according to M. Schmidt (1969) are: very
small angular size with a radio counterpart (star-like objects), time-variable
continuum 
ux, large UV 
ux, broad emission lines, and large redshifts. Nowa-
days, not all of the above mentioned properties are necessary for an object to
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be an AGN. In contrast to radio-loud objects, radio-quiet AGNs do also exist
and their appearance in the Universe is about 10 times more frequent than for
radio-loud AGNs. According to Wilkes & Elvis (1987) the radioloudness RL is
de�ned by the ratio of radio 
ux to optical 
ux as RL=logfradio=fB . AGNs are
tossed into radio-loud objects if their radioloudness RL >1. Another common
feature of most AGNs is their X-ray emission (Elvis et al. 1978). Concerning
the variability, it is interesting to note that its discovery was made even be-
fore the interpretation of redshifted emission lines in the optical spectra of 3C
273 (Smith & Ho�eit 1963). The timescales of variability varies from a few
months down to a few days and even less, which clinches the size of the radiat-
ing region to the order of light days. Furthermore, variability has been found
to occur at all wavelengths. The large UV 
ux originates from the thermal
emission of the accretion disk, where the 
ux-peak of the entire AGN spectrum
is reached at the big blue bump (� 1100�A). Emission lines are a common fea-
ture of AGN spectra, apart from the class of Blazars3, where emission lines are
hardly found. In Blazars a relativistic jet points towards the observer and the
continuum emission is enhanced, so that possible emission-lines are 'overpow-
ered' (Blandford & Rees 1978). The emission-line regions are radially strati�ed
with respect to the center of the AGNs, the broad-line region (BLR) is located
closer to the central engine than the narrow-line region (NLR). Emission lines
in both regions are triggered through photoionization of the ionized gas by
the continuum radiation from the central source. In contrast to the BLR, the
NLR is spatially more extended and its electron density is much lower allow-
ing forbidden atomic transitions, whereas forbidden transitions are collisionally
supressed in the BLR. Line widths in the BLR cover the range from �vFWHM

= 500 kms�1 to �vFWHM
= 10,000 kms�1 and the large Doppler widths lead

frequently to blended lines. A good example for a feature of several blended
lines is the small blue bump (Wills, Netzer, and Wills 1985), that consists of
Fe II and Balmer emission lines. Typical broad-lines are Ly��1216, CIV �1549,
CIII]� 1909, MgII� 2798, H�� 4861, H�� 6562. (A more detailed list of broad
emission lines as well as narrow emission lines can be found in Cohen (1983)
and Ferland & Osterbrock (1986).) Some prominent narrow emission lines are
[OII ]� 3727, [OIII ]� 4959, [OIII ]� 5007, [OI ]� 6300 revealing line widths of
�vFWHM

<500 kms�1, narrower than those in the BLR.

Even though the spectral type for the ROSAC AGNs was not always determined
due to already quoted reasons, at least some permanently appearing types are
stressed here, such as Quasars, Seyfert galaxies, Low-Ionization Emission-line
Region galaxies (LINERs), and Starburst galaxies. Even though the latter do
not belong to the class of AGNs, their incorporation and relation to AGNs may
become clear later. In the meantime, quasars and Seyfert galaxies seem to be
forming a unique type in spite of their di�erent luminosities. The limit MB=-
23 (La Franca & Cristiani 1997) has often been used as border between them,

3The term Blazar was introduced by E. Spiegel in 1978 in order to describe highly variable,
polarized, and radio-emitting objects. Blazars comprise BL Lac objects and Flat Spectrum
Radio Quasars (FSRQ), formerly known as Optically Violent Variables (OVV). BL Lac ob-
jects, in turn, are named after BL Lacertae, which was thought to be a variable star with a
featureless spectrum: with weak or without any emission lines



24 CHAPTER 1. INTRODUCTION

RXJ10189+5726 z=0.155

5000 6000 7000 8000
[Å]wavelength

0
0.

2
0.

4
0.

6
0.

8
1

[1
0e

−
15

 e
rg

/c
m

²/
s/

Å
]

re
l. 

flu
x

OII] H δ H γ H β
OIII]
OIII]

H α

RXJ03258+1353 z=0.152

5000 5500 6000 6500 7000 7500 8000
[Å]wavelength

0
0.

4
0.

8
1.

2
[1

0e
−

15
 e

rg
/c

m
²/

s/
Å

]
re

l. 
fl

ux

H γ H β
OIII]
OIII]

[OI] H α
[SII]

RXJ01068+0103 z=0.252

5000 6000 7000 8000
[Å]wavelength

0
0.

2
0.

4
0.

6
0.

8
1

[1
0e

−
15

 e
rg

/c
m

²/
s/

Å
]

re
l. 

fl
ux

OII] H γ H β
OIII]
OIII]

[OI] H α
[SII]

RXJ07335+3516 z=0.175

5000 6000 7000 8000
[Å]wavelength

0
1

2
3

4
[1

0e
−

16
 e

rg
/c

m
²/

s/
Å

]
re

l. 
fl

ux

CaH
CaK

G−Band
H γ

Mg+MgH NaI−D H α

Figure 1.3: Optical spectra from the ROSAC project are shown in order to
visualize the spectral features of four AGN classes. The upper spectra are
Seyfert galaxies, on the left is a Seyfert 1 galaxy exhibiting the Balmer lines
H�, H�, H
 , HÆ, and OIII , on the right is a Seyfert 2 galaxy with OIII/H� >3
and strong SII lines. The lower spectra present the LINER RXJ101068+0103
with strong OII and OI lines and a BL Lac object, that resembles a normal
galaxy at a �rst glimpse. However, the weak Ca-break and the much stronger
continuum in comparison to normal galaxies underline the AGN nature of this
source. Further support for the classi�cation as AGN is given by its large radio

ux of 102 mJy at 1.4 GHz (NRAO VLA Sky Survey (NVSS), Condon et al.
1999).

Quasars being the brighter objects. However, this cut-o� is not based on any
physical arguments! Consequently, the question arises: is there still a need to
distinguish between Quasars and Seyfert galaxies? At �rst, it has to be men-
tioned that two types of Seyfert galaxies exist: Seyfert 1 galaxies and Seyfert
2 galaxies. The latter ones are dominated by narrow-emission lines, whereas
Seyfert 1 galaxies show broad-emission lines as well as narrow-emission lines
resembling Quasars, only having lower luminosities and generally smaller red-
shifts. This spectral di�erence is explained in a simple model (Antonucci 1993)
as orientation e�ect, where the Seyfert 2 galaxy is seen edge-on obscuring the
central region and the Seyfert 1 galaxy face-on. However, Quasars do not show
similar features to Seyfert 2 galaxies, which means that high-redshifted Seyfert
2 galaxies or type-2 quasars are unknown so far. Their discovery may come in
the future, but as long as these objects are not observed the simultaneous use
of the terms Quasars and Seyfert galaxies will be found in the literature.
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A new class, named LINERs, having optical spectra dominated by emission-
lines from low ionization species was de�ned by Heckman (1980). The line
widths are similar to those in the narrow-line region, but with a lower lumi-
nosity. In contrast to Seyfert galaxies, lines such as [OII ]�3727, [OI ]�6300,
[NII ]�6584, and [SII ]��6717, 6731 are strong in LINERs while [OIII ] is weak.
Due to their low luminosity LINERs populate the faint end of the AGN lumi-
nosity function and their redshifts are small, so that the local Universe seems
to be populated by numerous LINERs (Ho 1996). Another group of galax-
ies which is spectroscopically similar to H II regions comes up frequently in
the Universe showing extended emission regions. Low-ionization lines such as
[OI ]�6300 are generally weak (French 1980). Related to the group of H II
region-like objects are the more luminous starburst galaxies (Weedman et al.
1981, Feldman et al. 1982 and Balzano 1983), both exhibit narrow emission
line features, while broad emission lines usually lack. Their optical morphol-
ogy resembles Seyfert galaxies having a bright, starlike nucleus. A hot and
young star population is certainly responsible for the photoionization, which in
turn provides the observable line properties (Huchra 1977). What remains is
to �nd a way of separating AGNs from starburst galaxies resp. H II region-
like galaxies spectroscopically. The current method is to consider emission line
ratios. The criterion [OIII ]�5007/H� �3 turned out to be a good basis for
de�ning an object as Seyfert 2 galaxy (Shuder & Osterbrock 1981), whereas
most LINERs show [OIII ]�5007/H� <3 (Keel 1983). One criterion is certainly
not suÆcient for the separation, since some starburst also exhibit the same ra-
tio of [OIII ]�5007/H� as Seyfert 2 galaxies do. A more detailed discussion of
the spectral classi�cation of emission-line spectra of extragalactic objects in-
cluding further line ratios such as [NII ]�6583/H�, [SII ]��6716,6731/H� , and
[OI ]�6300/H� was done by Baldwin, Phillips & Terlevich (1981) and Veilleux &
Osterbrock (1987). The importance of starburst galaxies in the study of AGNs
is not only due to their spectral similarities, but also to the nuclear starburst
scenario, which presents an ideal situation for the development of AGNs. The
bursts of star formation supplies material for the accretion onto a black hole,
since many massive stars are trapped in the nuclear region. The idea of transi-
tion from galaxies to AGNs, has been strengthened by studies of ultraluminous
infrared galaxies (Sanders et al. 1988). The link between starburst galaxies
(as progenitors of AGNs) and AGNs will be discussed extensively at the end in
chapter 5.

1.3 Statistical tools

Many statistical tools, such as nearest-neighbor test, Kolomogorov-Smirnov
test, Fourier power spectrum analysis etc., have been applied to study the
clustering properties of galaxies, clusters of galaxies or AGNs. It turned out
that the simple two-point correlation function method due to its direct relation
to the mass power spectrum is mostly suitable for studying how objects cluster
in space. The search for extended (super)structures is best examined by the
three dimensional minimal spanning tree technique. Both statistical methods
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are explained in this chapter.

1.3.1 Two-point correlation function

The distribution of objects in the Universe is according to the cosmological
principle homogeneous and isotropic on large scales. However, on smaller scales
(� 100 � 200h�1Mpc) correlations between the positions of objects do exist
due to the inhomogeneity of the Universe. At �rst only extragalactic nebulae
(this expression has been transformed into galaxies) were regarded as tracers
of structures, later on clusters of galaxies as well as AGNs followed.

Two di�erent ideas were competing pertaining the description of the distribu-
tion of objects: �rstly, the cluster theory which assumed that galaxies belong
to clusters of galaxies which in turn are distributed in a random or a correlated
way (Neyman & Scott 1952 and Neyman, Scott & Shane 1953). Secondly, a
theory that considers galaxies as 
uctuations in a density �eld (Limber 1953,
1954, 1957 and Rubin 1954). This idea is based upon a theory developed by
Chandrasekhar & Muench (1952). Limber and Rubin preferred short-range
functions of the form exp(�r2=r20) or exp(�r=r0). However, this kind of func-
tions is not appropriate for the present samples. The cluster theory and the

uctuation theory converge for a Gaussian-type cluster and a Gaussian-type
correlation function (Neyman 1962).

An approach to �nd a well-�tted correlation function that has held up to now
was done by Totsuji & Kihara (1969), who studied the distribution of galaxies
(Shane & Wirtanen 1967). They published for the �rst time a power-law of
the form �(r) = ( rr0 )

�
 with a correlation length r0 = 4:7 Mpc and 
 = 1:8.
Notwithstanding, this work is permanently overseen and publications like Groth
& Peebles (1977) or Peebles (1980) are cited instead. Admittedly, Peebles'
textbook The Large-Scale Structure of the Universe (1980) is a milestone in the
�eld of large-scale structures with its extended description of statistical tools,
in particular of the two-point correlation function in space as well as in angular
coordinates, and its link to structure formation via gravitational growth.

To introduce the concept of the standard correlation analysis the masses of
galaxies or other extragalactic objects are neglected. The probability ÆP of
�nding an object in a small volume ÆV1 and another in the volume ÆV2 separated
by a distance ~r12 is

ÆP = �n2(1 + �(~r12)) ÆV1ÆV2; (1.50)

where �n2 is the mean number density of objects, which is independent of position
and makes the correlation function dimensionless. The function �(r) is called
the two-point correlation function. In a uniform random Poisson point process
where objects are distributed completely randomly the probabilities of �nding
objects within the volumes ÆV1 and ÆV2 are independent, so that �(r12) = 0.
If �(r12) > 0, objects are clustered and if �(r12) < 0 objects are anticlustered,
they avoid each other. An appropriate �t to the current data on small scales
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seems to be a power-law

�(r) =

�
r

r0

��

; (1.51)

where 
 � 1:8 and r0, called the correlation length. Of course, the correlation
length depends strongly on the sort of objects, e. g. galaxies and clusters
of galaxies show di�erent clustering strengths. Another representation of the
power-law is the following

�(r) = Ar�
 ; (1.52)

where A = r
0 denotes the correlation amplitude.

Interestingly, the integrated two-point correlation function J3(R) is directly
related to the mass 
uctuations (1.36) on the scale R,

J3(R) =

Z R

0
�(r)r2dr =

R3

3
�2(R): (1.53)

In principle, the normalization of the power spectrum for a given spectral in-
dex n can be derived from observations by calculating the integrated two-point
correlation function. However, the two-point correlation function receives con-
tributions on small scales that are dominated by nonlinear4 e�ects/evolution,
which have not been understood so far. Conversely, on larger scales the evolu-
tion is well described by linear theory, and the relation between the two-point
correlation function and the mass 
uctuations (expressed by �(R)) turns out to
be meaningful on scales R large enough to obey linear theory. The value J3(R)
was determined for the CfA Redshift Survey to be 270h�3Mpc at R=10h�1Mpc,
and 600h�3Mpc at R=30h�1Mpc (Davis & Peebles 1983). Root-mean-square
mass 
uctuations �(R) on these scales are easily yielded to be 0.9 and 0.25 re-
spectively. Some problems arise by applying this normalization: the transition
between nonlinear and linear theory is marked by �m � 1, which occurs at R �
8h�1Mpc. To be sure of working in the range where linear theory is applicable
means considering scales larger than 10h�1Mpc where the uncertainties of �(r)
increase. Additionally, it remains the well-known problem of biasing.

To circumvent the problems of nonlinear theory, density inhomogeneities have
to be considered on larger scales. Hence, a double power-law model has been
proposed to �t current samples of galaxies. The double power-law is de�ned by
two slopes 
1 and 
2 for the small- and large-scale power laws, the separation
scale rs between these two regimes, an upper limit Rlim for the correlation, and
the two amplitudes D1 and D2 for the two di�erent regimes (Calzetti et al.
1992),

1 + �(r) =

8><
>:

D1r
�
1 r < rs

D2r
�
2 rs < r < Rlim

1 r > Rlim

(1.54)

It turns out that this kind of power-law extends the measurement of inhomo-
geneities up to scales of 30h�1Mpc well into the linear regime. Guzzo et al.

4The nonlinear regime is reached if the density contrast is Æ �1, which is certainly the case
for scales of galaxies. However, even larger scales of a few Mpcs are at least in the transitory
range between the nonlinear and the linear regime.
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(1991) analyzed a sample of galaxies in the Perseus-Pisces region, and �tted a
double power-law to the data with 
1 = 1:8 for r � 3.5h�1Mpc and 
2 = 0:8 for
3.5h�1Mpc < r �30h�1Mpc. Another investigation was carried out using the
CfA1 survey (Dekel & Aarseth 1984). The authors �tted a double power-law
up to 17h�1Mpc with a break at 3h�1Mpc, which is similar to Guzzo's result.
The slopes were determined to be 
1 = 1:8 and 
2 = 0:85. The double-power
law and its physical implications to the formation of large-scale structures can
be regarded as an extension of the standard two-point correlation function, that
has not gained acceptance so far.

In case the existing data set consists only of a projected two-dimensional cata-
logue of objects, then an angular correlation function w(�) can be deter-
mined, de�ned in analogy to the spatial correlation function

ÆP = �n2
(1 + w(�12))Æ
1Æ
2; (1.55)

which is the probability of �nding two objects in the elements of solid angles
Æ
1 and Æ
2 separated by an angle � on the celestial sphere, with �n
 being the
mean surface density of objects. The single angular power-law is given by

w(�) =

�
�0
�

�
�1
=

A

�
�1
(1.56)

One of the most useful aspects of the spatial and angular correlation func-
tions is their relation to each other, which is given by the Limber equation
(Limber 1954, Peebles 1980). Consequently, the spatial two-point correlation
function can be extracted from the angular correlation function under certain
assumptions: Clustering has to be considered as being independent on luminos-
ity, known as Limber hypothesis, which appears to be veri�ed by observations.
Additionally, relativistic corrections can be ignored. The amplitude A of the
angular correlation function is related to the one of the spatial correlation func-
tion, expressed by r
0 , through the equation (Peebles 1980):

A = r
0

�
H0

c

�
 p
�
�(
�12 )

�

2

R1
0 dy�2(y)[1 + z(y)]�py5�
=F (y)

[
R1
0 y2dy�(y)=F (y)]2

(1.57)

The parameter y is related to the redshift and to the matter density 
m as
follows

y = 2
(
m � 2)

p
(1 + 
mz) + 2� 
m +
mz


2
m(1 + z)

: (1.58)

A substantially important function is the selection function �(y), it can be
written as

�(y) =

Z 1

Lmin

�(L)dL: (1.59)

Finally, F (y) =
p
1� y2(
m � 1).

The advantage of the angular correlation function is the possibility to circum-
vent the induced distortions by peculiar motions of galaxies.

Redshift space distortions - Real space. Linear theory predicts a boosted
two-point correlation function measured in redshift space �(r) with respect to
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the real space function �(s), since peculiar velocities distort the clustering signal
in redshift-space (Kaiser 1987)

�(r) =

 
1 +

2

3


0:6
m

b
+
1

5


1:2
m

b2

!
�(s) (1.60)

where b is the biasing factor. Later on (in chapter 1.5), the two-point correlation
function in redshift-space as well as in real-space, derived from galaxy redshift
surveys, will be presented.

The question how to derive practically the two-point correlation function �(r)
or w(�) from an actual data set remains. For this purpose the number of pairs
on a certain scale r has to be determined in the actual sample as well as in
the random samples. The generation of the random samples is of paramount
importance, since the same boundary conditions and the same selection function
must be taken into account as in the real data set. The following estimators
are used commonly, note that estimators are generally furnished with a ^ ,

1 + �̂1(r) =
DD(r)

RR(r)
(1.61)

1 + �̂2(r) =
DD(r)

DR(r)
(1.62)

1 + �̂3(r) =
DD(r)�DR(r)

RR(r)
(1.63)

1 + �̂4(r) =
DD(r) �RR(r)

DR2(r)
(1.64)

1 + �̂5(r) =
DD(r)� 2DR(r) +RR(r)

RR(r)
(1.65)

where DD(r) = PDD(r)=(N(N � 1)), DR(r) = PDR(r)=(NNR), and RR(r) =
PRR(r)=(NR(NR � 1)) are normalized counts, with N and NR being the total
number of objects in the actual data set and random-objects. PDD is the
number of pairs of objects in the separation bin r�dr/2 in the actual data set,
PDR pairs between random catalogue and actual data set, and PRR pairs in
the random catalogue. In practice, at least one of the presented estimators is
calculated, but the advantages and disadvantages of the di�erent estimators are
mostly not considered. The �rst three estimators are introduced by Totsuji &
Kihara (1969), Davis & Peebles (1983), and Hewett (1982). An examination
of the bias and variance of the di�erent estimators has been done by Landy &
Szalay (1993). They recommend the �fth estimator over the �rst and second
due to its variance that is e�ectively Poissonian, whereas the variance of other
estimators are signi�cantly greater than Poissonian. In contrast, Hamilton
(1993) prefers the fourth estimator, which does not su�er from limitations on
the uncertainty of the correlation function. A recent analysis (Kerscher 1999
and Kerscher, Szapudi & Szalay 2000) of the di�erent estimators using the
Virgo Hubble Volume simulation cluster catalog (Colberg et al. 1998) shows
a comparable behavior of all estimators on small scales. On large scales the
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fourth and the �fth estimators are superior with respect to the others, showing
smaller deviations for a given cumulative probability.

The estimation of the statistical errors of the two-point correlation function has
been discussed intensively in the literature (Peebles 1973, Peebles 1980 and Mo,
Jing & Boerner 1992). Commonly used are Poisson error bars

��

1 + �
=

1p
PDD

: (1.66)

Another method to estimate the sampling errors is the bootstrap resampling

technique, which has been proposed �rst by Barrow, Bhavsar & Sonoda (1984)
and was applied in astronomy later on by Ling, Frenk & Barrow (1986). The
bootstrap resampling technique uses the data under study making repeated
random drawings to derive the sampling 
uctuations. The error resulting from
the bootstrap method gives errors that are � p3 larger than for Poisson errors
at all scales (Mo, Jing & Boerner 1992).

At the end of this section higher-order statistics are stressed at least brie
y.
The two-point correlation function provides a complete description of cluster-
ing only in the case of a Gaussian distribution. This fact underlines the im-
portance of the assumption that the primordial density 
uctuations obey a
Gaussian random �eld. However, the patterns of large-scale structures appear
rather non-Gaussian (voids, great walls, clusters, �laments, sheets etc.), so that
a really complete description of all these structures cannot be done with second-
order statistics (two-point correlation function). Therefore, a series of N-point
correlation functions are necessary. However, as long as Gaussian �elds are con-
sidered all correlations above the two-point level either vanish, if odd, or can be
expressed in terms of two-point functions, if even. Note, that all e�orts, which
have been undertaken to demonstrate the existence of non-Gaussian random
�elds, have failed so far (Benoist et al. 1999 and references therein). For exam-
ple, topological-defect models entirely produce non-Gaussian perturbations.

1.3.2 Minimal Spanning Tree

A graph theoretical technique, calledminimal spanning tree (MST), is used
to assess intrinsic patterns in a distribution of AGNs in space. The sensitivity to
speci�c patterns, such as �laments, of the two-point correlation function is low,
so that additional statistics must be used. The minimal spanning tree technique
has been applied to other scienti�c problems, e.g. for minimal cost analysis in
economy as well as for certain problems in chemistry and biology (Dussert et
al. 1987), before it was adopted for astrophysical problems (Barrow, Bhavsar
& Sonoda 1985). Details of the historical evolution of the MST technique are
outlined in Graham & Hell (1985).

The data set (sample of AGNs) is termed as graph G and will be composed
of nodes (AGNs) and edges (lines connecting AGNs). Each edge has a weight,
which is the Euclidean distance between its nodes, and a sequence of edges
joining nodes is a path. As soons as a path between any pair of nodes exists,
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the graph is called connected. A connected graph, that contains no closed
paths is a tree, which becomes a spanning tree if all nodes of the data set are
included. Finally, a minimal spanning tree is the spanning tree with minimum
length, where the length is just the sum over all lengths of all edges.

The search for superstructures of AGNs started with the simple construction
of the three-dimensional MST for the entire AGN sample. Algorithms for this
purpose were provided by Kruskal (1956) and Prim (1957), the latter has been
used in this work. In order to get an idea of the scales at which superstructures
can be found, the MST is separated at incremental distances of 1h�1Mpc. It
means that all edges from the initial MST having a larger weight than the con-
sidered separation distance are erased and the remaining number of connected
(sub)trees is counted at each separation distance. A single object without any
connection to its neighbors is not considered as a tree, otherwise most of the
structures would be counted at the smallest separation. The separation dis-
tance with the most numbers of connected structures is called critical separa-
tion distance, and this is the scale at which one has to look for superstructure
candidates. Note, that if the separation distance is too small only pairs or
triplets appear, whereas on large separation distances very extended structures
are selected. The last step is to separate the MST at the critical separation
distance. For each connected structure the median length of its edges has to be
calculated and the structures are ranked with respect to this value. All struc-
tures, which consist of less than �ve members, should be erased from the list of
ranked structures in order to pick only 'real' superstructures.

The determination of the signi�cance level of the superstructure candidates
is of paramount importance. A method, which has been successfully proven
in two dimensions (Ho�man & Jain 1983 and Dussert et al. 1987, 1988), is
the use of the normalized mean, m, and normalized standard deviation, �, of
the edge-lengths of the MST. An extension to three dimensions was presented
by Graham, Clowes & Campusano (1995). The values m and � have to be
normalized to make a comparison of di�erent distributions (AGN samples from
di�erent surveys) feasible. All edge-lengths are divided by (N2V )1=3=(N � 1),
where N is the number of AGNs and V is the volume of the survey. As a
comparison to the structure candidate mR and �R from random generated
MSTs, which have the same number of AGNs in the same volume, are obtained.
The signi�cance level of clustering in a candidate superstructure is determined
by how many random MSTs have values of mR and �R less than m and �
from the MST of the candidate. For the generation of 10,000 random MSTs
the signi�cance level in per cent is calculated by (n/10000)�100, where n is the
number of random MSTs for which mR �m and �R � �.

This method was successfully applied to AGN samples by Graham, Clowes &
Campusano (1995) as well as Tesch & Engels (2000), who found 4 new AGN
groups in total (s. chapter 1.4.2).
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1.4 Observational evidence for AGN clustering and

groupings

1.4.1 AGN clustering

Historically, the spatial analysis of AGN clustering got started with the work
of P. Osmer in 1981. Nevertheless, some angular double AGNs were discovered
before (Stockton 1972, Wampler et al. 1973, Bolton et al. 1976) showing
contradictory results concerning the angular pairing of AGNs. At this early
stage of clustering investigations with AGNs the aim has been to �nd close
pairs of some arcminutes distance without knowing the redshift of each objects.
No signi�cant pairing was found by Setti & Woltjer (1977) considering 175 UV
excess (UVX) objects down to B=19.5 in a 6Æ� 6Æ degree �eld (Braccesi et al.
1970), whereas another study found signi�cant pairing within 2' around radio
detected QSOs of UVX objects (Bolton et al. 1976). It turned out that all
these pairs have had discordant redshifts.

A �rst attempt to study the spatial clustering of a sample of 174 high-latitude
AGNs in the Cerro Tololo Inter-American Observatory (CTIO) surveys (Osmer
& Smith 1980 and Osmer 1980) was performed in 1981 (Osmer 1981) showing
a few close pairs and even groups of 3 and 4 objects with small redshift devia-
tions. However, the subsequent statistical examination of the data yielded no
signi�cant clustering.

Investigating two AGN samples from Savage & Bolton (1979) on a surface of 25
deg2 each (�eld size 5Æ� 5Æ), Chu & Zhu (1983) found contradictory clustering
results, while applying the nearest-neighbor test and correlation function test:
the sample of 124 AGNs centered on (02h,-50Æ) showed the �rst signi�cant
clustering signal at all, whereas for the other sample of 116 AGNs centered on
(22h,-18Æ) no evidence for clustering showed up.

The early studies of AGN clustering su�ered from low space densities within
the samples, which restricted the analysis to larger scales (� 100h�1Mpc). A
large sample of over 2,000 AGNs with published redshifts (from the V�eron
catalogue) was used by Shaver (1984), who found an excess of AGN pairs on
small separations (< 5h�1Mpc). Only 2.4 pairs are expected for an unclustered
population, whereas 12 pairs appeared in the sample. This result revealed AGN
clustering, that is comparable to 'normal' galaxies at the current epoch.

Finally, the two-point correlation function as described in chapter 1.3.1 was
used for the �rst time exploring a well-de�ned sample of 171 color-selected
AGNs (Shanks et al. 1987), which is complete to z=2.2 and B�21 mag.
This sample was the �rst completed part of the Durham/AAT UVX survey
(Boyle et al. 1990) comprising six 4.5�4.5 deg2 areas. A 2.4� clustering signal
was detected at small scales, i.e. r�10h�1Mpc for q0=0.5. At larger scales
(10<r�1,000h�1Mpc) the correlation function is consistent with zero. Further
support on large scales was provided by a study of 862 high-redshift (1.8<z<2.6)
AGNs taken from six UK Schmidt objective prism plates covering �200 deg2

(Drinkwater 1988). On intermediate scales (10-100h�1Mpc, only this range was
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regarded in this work) no evidence for clustering was reported underlining the
small scale clustering properties of AGNs.

The advent of deep AGN surveys in the 80s o�ered further opportunities to
study the clustering properties of AGNs. Iovino & Shaver (1988) combined
3 AGN surveys including the UVX selected sample of Shanks et al. 1987 of
171 AGNs. Another UVX survey provided 80 AGNs distributed on an area of
10 deg2 with a magnitude limit of B=19.5 mag (Barbieri et al. 1987). The
3rd survey is based on Canada-France-Hawaii Telescope (CFHT) blue grens
observations, contributing 125 AGNs brighter than B=20.5 mag on an area of
5.2 deg2 (Crampton, Cowley and Hartwick 1987). The �nal sample consisted
of 376 AGNs, which was divided into a low-redshift (z<1.5) sample and one at
high-redshifts (z>1.5). The clustering signal found in earlier investigations at
small scales (r<10h�1Mpc) was con�rmed on the 4.7 � level in the low-redshift
sample. At higher redshifts, on the other hand, the number of pairs is close
to random expectations. Noteworthy, the clustering amplitude in this work
turned out to lie between that of galaxies and clusters of galaxies. Following
Shaver's examination from 1984, Chu & Zhu (1988) used the Hewitt-Burbidge
QSO catalog (1987). In the catalogue are 3861 AGNs, of which 70 were not
considered due to inaccurate coordinates. Evidence for AGN clustering on scales
smaller than 10 h�1Mpc are reported. A completely new result was that radio-
loud AGNs showed stronger clustering than other types of AGNs. A negative
clustering result of an inhomogeneous sample of 146 AGNs (Osmer & Smith
1980, Arp 1984, and Kunth & Sargent 1986) in the constellation Sculptor was
presented by Anderson, Kunth and Sargent (1988), who applied the scrambling
method to measure the correlation function. Here the random samples are
generated by randomly permuting the redshifts in the original catalog. The
strengths and weaknesses of this method as well as the selection e�ects of the
sample have to be understood pretty well before applying it.

Six complete AGN surveys ((1) Large Bright Quasar Survey (LBQS, Hewett et
al. 1995) at the stage of 1991 including 11 �elds and 1006 AGNs, (2) Boyle et
al. 1990, (3) Boyle et al. 1991, (4) Crampton et al. 1989, (5) La Franca et al.
1992, (6) Zitelli et al. 1992) were assembled for another AGN clustering study
(Andreani & Christiani 1992) yielding 1642 AGNs. The surveys rely on di�erent
selection techniques, chie
y on UV excess and slitless spectroscopy. The UV
excess catalogs were cut at a redshift of 2.2, while AGNs selected with slitless
spectroscopy were accepted up to redshifts of 3.1. The clustering correlation
length r0 turned out to show a correlation length of 5.9h�1Mpc, 4.1h�1Mpc,
and 3.2h�1Mpc at average redshifts of 0.70, 1.44, and 2.15.

Another investigation of large scale clustering (r>10h�1Mpc) using a sam-
ple of 723 AGNs taken from more than one survey was conducted by Mo
& Fang (1993). 476 AGNs were taken from the Durham/AAT UVX survey
(Boyle et al. 1990) and three randomly selected �elds at high Galactic lati-
tudes (Boyle, Jones and Shanks 1991). The second part of 247 AGNs stemmed
from the CFHT grens survey (Crampton, Cowley and Hartwick 1989), where
23 AGNs forming a group of AGNs were excluded. The authors decided to
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use the integral two-point correlation function ��(r), which is related to the
usual two-point correlation � by equation 1.53. Signi�cant clustering was found
for r�30h�1Mpc, while in the range 10�r�50h�1Mpc ��(r) is well described
by a power law ��(r) = (74 � 10)=r1:8 corresponding to a correlation length
r0 =6.6h

�1Mpc. A weakly signi�cant (2�) detection of an evolving clustering
amplitude (A(z<1.5)/A(z>1.5)�2) was made.
The �rst clustering analysis of 183 X-ray selected AGNs at low redshifts (z<0.2)
revealed a barely signi�cant level of clustering �(r < 10h�1Mpc)=0.7 � 0.6
(Boyle & Mo 1993). The AGNs were taken from the published catalogue of
the Einstein Extended Medium Sensitivity Survey (EMSS, Stocke et al. 1991),
that extends to fairly bright 
ux limits S(0.5-2 keV)>10�13ergs�1cm�2 over an
area of 770 deg2.

An extension of the work of Andreani & Christiani (1992), who used 6 surveys
(see above), was carried out by combining eight published samples of AGNs
totalling 2,203 AGNs (Komberg, Kravtsov and Lukash 1994). They added the
grism survey (Osmer & Hewett 1991) and an UVX survey (Warren, Hewett and
Osmer 1991). Strong clustering was obtained in the AGN distribution at scales
r<20h�1Mpc. The correlation length was r0=6�1.2h�1Mpc with 
=1.8 for the
entire sample. The clustering evolution of AGNs was studied by dividing the
sample into subsamples with smaller redshift ranges. The characteristic scales
r0 are 8.5�4h�1Mpc,10�2h�1Mpc,4�3h�1Mpc for low (0.1�z<1.1), moderate
(1.1�z<1.7), and high (1.7�z<4.5) redshifts, respectively.
A series of three papers about AGN clustering was written by T. Shanks and
collaborators between 1994 and 1996. The �rst one (Shanks & Boyle 1994)
combined the Durham/AAT UVX survey (Boyle et al. 1990), the ESO/AAT
survey (Boyle et al. 1991, Zitelli et al. 1992), and the CFHT (Crampton
et al. 1989) having 420, 83, and 215 AGNs in the redshift range 0.3<z<2.2.
The statistical examination of the 718 AGNs supported the clustering result
of Komberg et al. (1994) with a correlation length of �6h�1Mpc on a 4 �
level for the entire sample, which is not surprising, since this sample presents
a subsample of the other larger one. A new feature was the 2 � anticorrelation
(� �-0.1) in the range 40<r<100h�1Mpc. The second publication of this series
aims at studying the clustering properties of IRAS Seyfert galaxies (Georgan-
topoulos & Shanks 1994). The Seyfert galaxies were selected from the IRAS
Point Source Catalog (de Grijp et al. 1987) restricted to z<0.1 and a 60�m

ux f60 >0.5 Jy. The sample consists of 192 Seyferts (of which 56 Seyfert 1s
and 136 Seyfert 2s) satisfying the above criteria. Evidence for clustering at
the 3 � level at separations smaller than 20h�1Mpc was found: �=0.51�0.15
(z<0.02) and �=0.80�0.34 (z>0.02). Moreover, cross-correlation functions of
the separate Seyfert 1 and Seyfert 2 galaxy samples with the IRAS galaxies
were comparable, according to that Seyfert 1 and Seyfert 2 galaxies reside in
similar environments on scales <20h�1Mpc. The last work within this series
used the LBQS (Hewett et al. 1995) plus the three samples from paper I
(Shanks & Boyle 1994). For the LBQS individually a weak clustering signal
at small scales was found, ��(10h�1Mpc)=1.86�1.28, only 5 AGN pairs within
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10h�1Mpc contributed. Adding the other three surveys the integrated two-
point correlation function gives ��(10h�1Mpc)=0.83�0.29, which is consistent
with r0=5.4�1.1h�1Mpc and 
=1.8 for �(r).

The Palomar Transit Grism Survey (PTGS, Schneider, Schmidt and Gunn
1994) provided another AGN sample, which is suitable for clustering stud-
ies. This survey, consisting of six narrow strips comprising an e�ective area
of 61.47 deg2, was designed to produce a sample of z>2.7 AGNs. Hence,
two measurements were performed in 1997: (1) Kundi�c (1997) used 4 strips
on an e�ective area of 50 deg2 with 232 AGNs spanning the redshift range
0.7<z<4.7. Six pairs of AGNs gave rise to the detection of signi�cant cluster-
ing at small scales r<20h�1Mpc on a 2 � level, whereas clustering was found on
a 3 � level for smaller separations r<10h�1Mpc with r0 �7h�1Mpc and 
=-1.8.
The clustering amplitude ratio for the high- and low-redshift subsamples were
�(z > 2)/�(z < 2)=1.8+2:5�1:2 signi�cantly higher than the prediction for linear
theory (�(r) � D2(z)). (2) Stephens et al. (1997) focused on high-redshift
(2.7<z<4.75) AGNs. They analyzed 56 of 90 high-redshift AGNs from two
strips covering an area of �22 deg2 that have redshifts in the quoted range. A
very strong clustering signal was observed: r0=18�8h�1Mpc with 
=1.8.

A recent clustering analysis of an UVX selected sample of 388 AGNs with
MB �23 was presented by La Franca, Andreani and Christiani (1998). The
sample includes AGNs as faint as B=20.5 distributed over a contiguous area of
24.6 deg2 with redshifts in the range 0.3<z<2.2 (La Franca et al. 1999). The
authors detected clustering on scales r�15h�1Mpc with r0=6.2�1.6h�1Mpc
and 
=1.8, the corresponding integrated two-point correlation function was
��(r=15h�1Mpc)=0.52�0.20 at an average redshift of �z=1.3. Splitting the sam-
ple into two subsamples gave a clustering with r0=4.2�2.5h�1Mpc at low red-
shifts (0.3<z�1.4, �z=0.97) and r0=9.1�2.0h�1Mpc at high redshifts (1.4<z�2.2,
�z=1.82), which strengthens the idea of an evolution in the AGN two-point cor-
relation function in such a way that the signal increases with redshift.

Two di�erent soft X-ray surveys, the ROSAT Deep Survey (DRS, Shanks et
al. 1991) and the ROSAT International X-ray Optical Survey (RIXOS, Mason
et al. 2000), providing 235 AGNs totally, were used to study the clustering of
X-ray selected AGNs. Here, the �rst signi�cant (2 �) detection of clustering of
AGNs from X-ray surveys was found on scales r�40 - 80h�1Mpc for the RIXOS
sample, while the DRS sample showed no clustering on any scales. Combining
the limits from RIXOS with the DRS limits the authors obtained a correlation
length which spans the range 1.5< r0 <5.5h

�1Mpc depending on the assumed
model for clustering evolution.

Sabbey et al. (2000) used an extragalactic H� emission-line survey to extract
108 low-redshift (0.2<z<0.37, �z=0.26) AGNs. There were 19 pairs of AGNs
with separations r<20h�1Mpc, including two triplets and one quadruplet. The
derived clustering signal on a 3 � level turned out to be the strongest ever
measured at low-redshifts, r0=14.6�3.3h�1Mpc and 
=1.8, which is consistent
with that predicted for clusters of galaxies.

The newest investigation of the angular correlation function of 2,096 AGNs from
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the ROSAT All-Sky Survey Bright Source Catalogue has been just submitted
(Akylas, Georgantopoulos and Plionis 2000). A 4.3 � signal between 2Æ and
8Æ was detected. The deprojection on three dimensions, applying the Limber
equation, resulted in a spatial correlation length of r0=6.0�1.6h�1Mpc, which
is consistent with earlier examinations

Summary: The conclusions, which can be drawn from all the mentioned spa-
tial investigations using the two-point correlation function on small scales, are,
that (1) AGNs are clustered without any doubts, (2) there seems to be an evo-
lution of the clustering signal towards higher redshifts, and (3) at low-redshifts
the clustering properties of AGNs and normal galaxies resemble each other.

Paper NAGNs Sample r0 in h�1Mpc z range

Shanks '87 171 UVX Survey �6.0 �z = 1:5
Iovino '88 376 3 Surveys �7.9 �z � 0:9
Andreani '90 1642 6 Surveys 5.9 0.2 - 1.1

4.1 1.1 - 1.7
3.2 1.7 - 3.1

Boyle '93 183 EMSS �4.1 <0.2
Komberg '94 2203 8 Surveys 8.5�4 0.1 - 1.1

10�2 1.1 - 1.7
4�3 1.7 - 4.5

Shanks '94 718 3 Surveys 6.6 0.3 - 2.2
Georgantopoulos '94 192 IRAS PSC 6.6�2.6 <0.1
Croom '96 �1700 LBQS + 3 Surveys 5.4�1.1 �z=1.5
Kundi�c '97 232 PTGS �7 0.7 - 4.7
Schneider '97 56 PTGS 18�8 2.7 - 4.75
La Franca '98 338 UVX Survey 6.2�1.6 �z=1.34

221 4.2�2.5 �z=0.97
167 9.1�2.0 �z=1.82

Carrera '98 235 RIXOS + DRS 1.5 - 5.5 0.5 - 1.0
Sabbey '00 108 H� Survey 14.6�3.3 �z=0.26

Table 1.1: Results of the two-point correlation function �(r) = (r=r0)
�
 for

AGNs with 
=1.8 and q0=0.5 are depicted. The �rst author of the publication,
numbers of used AGNs, the origin of the sample, the correlation length r0 in
h�1Mpc, and the redshift range or the average redshift of the sample are quoted.

1.4.2 Groups of AGNs

The search for superstructures, agglomerations at least as big as local super-
clusters, has become possible with the growing numbers of AGNs. Neverthe-
less, such a search has not been supported by all scientists, which was clearly
demonstrated by the refusals of applications for observing within the scope
of the ROSAC project. More successful have been proposals that aimed at
studying the evolution of the two-point correlation function of AGNs. One of
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the main drawbacks of this subject is the fact that these structures are obvi-
ously not bounded in a gravitational manner in contrast to clusters of galaxies,
for instance, which makes a physical explanation even harder. A handful of
AGNs distributed in a volume of 100-200 h�3Mpc3 cannot be related among
themselves through gravitation. Despite this logical argument, some signi�cant
superstructures have been found.

Surprisingly, at an early stage of the spatial clustering analysis of AGNs the
�rst superstructure or group of AGNs was detected (Webster 1982), in which
the CTIO sample from Osmer (1981) was subjected to a Fourier Power Spec-
trum Analysis in order to seek for clustering signals. The only signal arose from
a group of four AGNs at z=0.37 located in the Sculptor constellation, which
has a projected extension of 60 � 70h�2Mpc2. The author found a probabil-
ity of 10�4-10�7 for the group to be a chance 
uctuation, which indicates the
nature of real structure. Due to close redshifts of the four group members,
the structure's shape is 
at. This 
atness �ts with the idea that it is a super-
cluster, because known examples of them are rather elongated than spherical
(Oort 1981). Interestingly, a further member (A1310, z=0.36) of the group was
discovered (but not recognized as such) by the Calan-Tololo Survey (Maza et
al. 1995).

A more convincing group of AGNs, due to numerous members, was presented
by Crampton, Cowley and Hartwick (1989) investigating a sample of 248 AGNs
from the CFHT Survey (Crampton et al. 1987). The AGN group comprises 23
members with 1.0<z<1.2 and an average redshift of �z=1.113. Its dimensions
are �45h�1Mpc in depth and �60h�1Mpc in angular coordinates. Applying the
two-point correlation function method to this sample a clustering signal appears
on scales r<10h�1Mpc, which essentially comes from the group of AGNs.

Evidence for a large elongated group of 13 AGNs was found by Clowes & Cam-
pusano (1991), who used the two dimensional Fourier Power Spectrum Analysis.
They studied an own de�ned sample of 56 AGNs in a �eld of 25.3 deg2 (Clowes
& Campusano 1994). The largest dimension of this group is 100-200 h�1Mpc
at z�1.3 and its morphology looks like a clump, but sub-grouping on scales
�20h�1Mpc may occur. A recent work stressed the existence of at least 18
members in this group (Clowes et al. 1999).

The minimal spanning tree technique, a three dimensional technique, for the
search of superstructures was introduced by Graham, Clowes & Campusano
(1995). They illustrated the strength of this method by applying it to six
surveys, three of them including all known superstructures at that time (s.
above). These three structures were rediscovered and in the other three surveys
another two were found additionally. One of them consists of 10 AGNs at z�1.9
and the other is a group of 7 AGNs at z�0.19. The former group has a size of
� 120�90�20h�3Mpc3 and the latter � 60�30�10h�3Mpc3.

For the purpose of searching for further groups of AGNs Komberg, Kravtsov
& Lukash (1996) used the 5th edition of A catalogue of Quasars and Active
Nuclei (V�eron-Cetty & V�eron 1991). Their method applied was the friend-
of-friend technique (Einasto et al. 1984), which is also known as percolation
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method, adopting the following selection criteria: the group considered should
have at least 10 members and the AGN number density in a group must exceed
that of the background by at least a factor of 2. Totally 12 AGN groups were
detected in their analysis, one of them turned out to be a rediscovery from an
earlier investigation. The other four groups formerly found did not match the
selection criteria, so that their redetection was not possible. The sizes of the 12
groups range from 70 to 160 h�1Mpc.

A detection of a further AGN group was reported from the Chile-UK Quasar
Survey, which is a 140 deg2 UVX survey down to B=20. The group of 13 AGNs
spans �150h�1Mpc at z�1.5 and was found by using the minimal spanning
tree technique (Newman et al. 1998). Moreover, the group found by Clowes &
Campusano (1991) has been con�rmed in this independent sample.

Finally, Tesch & Engels (2000) reported the detection of the Pisces AGN
Group, which is the �rst X-ray selected AGN group ever. The application
of the minimal spanning tree technique led to 1.8 � discovery of an AGN group
consisting of 7 members in the Pisces constellation. The group extends over
140�75�75h�3Mpc3 at a mean redshift �z=0.27.

From the observational point of view we are now aware of 18 AGN groups having
extensions of 60-200h�1Mpc so far. These sizes are signi�cantly larger than
typical sizes �30h�1Mpc of superclusters (Oort 1983, Bahcall & Soneira 1984,
Postman, Geller, and Huchra 1988) challenging structure formation theories.

1.5 Large-scale structures traced by non-AGN ob-

jects

The results of AGN clustering studies have to be compared with the cluster-
ing properties of non-AGN objects in order to learn how these structures have
evolved and to understand where to incorporate them into the existing struc-
ture network. Naturally, galaxies o�er a great opportunity for comparisons
due to the large number of objects with known redshifts, in particular at lower
redshifts (z<0.2), where some redshift surveys have been completed. In con-
trast to galaxies, clusters of galaxies provide samples (e.g. Abell catalogue) to
higher redshifts because of their larger luminosities. Finally, at the upper scale
(100-200h�1Mpc) of known structures, superclusters (de�ned as agglomerations
of clusters of galaxies) mark the most challenging pieces of the structure net-
work. Here, some selected surveys are presented intending to measure how the
abovementioned objects cluster in the Universe.

1.5.1 Clustering of Galaxies

In a �rst attempt to �t a two-point correlation function to the results from a
clustering investigation, the Shane-Wirtanen catalog of galaxies was used.
(Totsuji & Kihara 1969 and Groth & Peebles 1977). Groth & Peebles calculated
the two-point angular correlation function due to missing redshifts of some
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galaxies within the catalog and applied Limber's equation in order to estimate
the spatial correlation function, which they found to be �(r) = (r=r0)

�1:77 with
r0 = 4:7h�1Mpc.

The CfA Redshift Survey provided a well-de�ned sample of galaxies for
studying the spatial distribution of these objects. Davis & Peebles (1983) used
the CfA1 sample (Huchra et al. 1983), which is limited to mB �14.5, and de-
rived the spatial two-point correlation function in the �ducial model of Groth
& Peebles (s. above, 
=1.77) with a correlation length of r0 = 5:4h�1Mpc. An-
other clustering analysis of two slices of the extended CfA2 Redshift Survey (de
Lapparent, Geller & Huchra 1986), which is restricted to mB �15.5, comprised
1,810 galaxies and yielded a two-point correlation function5 �(r) with 
 �1.6
and r0 � 7:5h�1Mpc (de Lapparent, Geller & Huchra 1988).

A �rst investigation of the galaxy-galaxy autocorrelation function for the Las
Campanas Redshift Survey (LCRS) was presented by Tucker et al. 1997.
They found a power law �t for separations 2.0 < r < 16.4h�1Mpc with correla-
tion length r0 = 6:28h�1Mpc and slope 
 = 1:52. Interestingly, a zero-crossing
could be found on scales of 30-40 h�1Mpc. The LCRS consists of six 1Æ.5
� 80Æ slices and extends to a redshift of � 0.2. The entire sample contains
26,418 galaxies. Jing et al. (1998) showed that the two-point correlation func-
tion of galaxies from the LCRS can be taken reliably by using high-resolution
N-body simulations. The real-space correlation function is well �tted with
s0 = 5:06h�1Mpc and 
 = 1:862.

The Stromlo-APM redshift survey (Loveday et al. 1992) consists of 1,787
galaxies down to a magnitude limit of B=17.15. The survey strategy was to
pick galaxies at a rate of 1 to 20 randomly, a method called sparse-sampling
selection. Kaiser 1986 discussed this strategy in more detail regarding the search
for large-scale structures. Later on, the estimates for the two-point correlation
function for all galaxies on scales 0.2 - 20h�1Mpc gave a slope 
 = 1:71 and
s0 = 5:1h�1Mpc in real space. In redshift-space the correlation length is slightly
higher with r0 = 5:9h�1Mpc and a slope 
 = 1:47 (Loveday et al. 1995).
An approach to consider morphological di�erences and luminosity showed that
early-type galaxies are clustered more strongly than late-type galaxies, while
low-luminosity galaxies are less clustered by a factor of �2 than L� and even
brighter galaxies.

The spatial clustering of galaxies in the Canada-France Redshift Survey

(CFRS) was also calculated from the angular correlation function. This in-
vestigation comprises 591 galaxies with redshifts in the range 0 � z � 1.3, in
�ve CFRS �elds (Le F�evre et al. 1996). The sample is �tted by 
 = 1:64 and
the amplitude of the correlation function shows a strong decline with redshift
resulting in r0(z = 0:53) = 1:33h�1Mpc, which is about a factor of 10 smaller
than for the local galaxy population on scales 0.1 < r < 2 h�1Mpc. Red and
blue galaxies cluster similarly at z � 0.5, whereas red galaxies are more strongly
correlated than blue galaxies.

5r refers to the correlation length in redshift-space,whereas s is measured in real-space
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Guzzo et al. (1997) studied the clustering of di�erent galaxy types in the
Pisces-Perseus redshift survey. Their result for the early-type population
was s0 = 8:35h�1Mpc, 
 = 2:05, and s0 = 5:55h�1Mpc, 
 = 1:73 for spirals
and irregulars, respectively. They claim that redshift space distortions a�ect
morphological types in a di�erent way, particularly on small scales where the
major e�ect comes from the virialized centers of clusters, the preferred location
of ellipticals. Consequently, a comparison of the clustering strength of di�erent
morphological types can only be made in real-space.

The ESO Slice Project (ESP) is a galaxy redshift survey at the southern
hemisphere consisting of two strips 1Æ thick in declination each, one is 22Æ long
in right ascension and the other is 5Æ long. The total coverage is about 25
deg2 and galaxies were detected down to BJ=19.4. The clustering in real-space
below 10h�1Mpc is well described by s0 = 4:15h�1Mpc and 
 = 1:67 (Guzzo
et al. 2000).

The Infrared Astronomical Satellite (IRAS) data base provides another interest-
ing opportunity, since it is an all-sky survey, to study the clustering properties
of 5313 galaxies. Clustering in the 1.2-Jy IRAS Galaxy Redshift Survey

was measured as �(r) = (r=4:53)�1:28 in redshift-space on scales �20h�1Mpc
and �(s) = (s=3:76)�1:66 in real-space on the same scales (Fisher et al. 1994).
An optical-to-IRAS bias ratio of bO/bI=1.38 on a scale of 8h

�1Mpc was derived
from comparisons of the �(r) correlation function.

Hermit et al. (1996) conducted the Optical Redshift Survey (ORS) con-
sidering subsamples within their survey they came upon variations in the two-
point correlation function. According to this e�ect their best-�t values indicate
a range: 1.5� 
 � 1.7, 6.5� r0 �8.8h�1Mpc in redshift-space and 1.5� 
 �
1.7, 4.9� s0 �7.3h�1Mpc in real-space.

A sample of 183 �eld galaxies from the Canadian Network for Observational
Cosmology cluster survey (CNOC) at a median redshift of 0.37 exhibited weak
clustering. The real space correlation function was �tted with 
=1.7 and s0 =
1:9+0:4�0:4h

�1Mpc (Shepherd et al. 1997).

Another low-redshift project is the Two Norris Redshift Survey, which is
based on two independent redshift surveys of faint �eld galaxies. The coverage
of both surveys is about 20 deg2 and contains 835 galaxies down to R�21.
The correlation length is 3.7h�1Mpc with 
=1.77 in redshift-space at a median
redshift zmed=0.3 (Small et al. 1999).

A radio all-sky sample of �600 galaxies having 
ux density S>0.5 Jy at 1.4 GHz
and redshifts 0.01<z<0.1 was assembled by Peacock and Nicholson (1991). The
two-point correlation function was found to have the form: �(r) = (r=11)�1:8.

Radio galaxy clustering at low-redshifts was explored in a recent work by Lacy
(2000), who selected 29 radio galaxies in the range 0.19<z<0.45 from a con-
tiguous 40 deg2 area of the sky. The clustering signal of r0 = 17h�1Mpc arose.

As a conclusion, galaxies without any signs of nuclear activity cluster obeying
a two-point correlation power-law with r0 =4-6h�1Mpc and 
 �1.8, whereas
radio galaxies show a much stronger clustering signal.
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1.5.2 Clustering of Clusters of Galaxies

As the largest gravitationally bound objects in the Universe, clusters of galaxies
are important tracers of high-peak density 
uctuations in the network of visible
matter. Applying the two-point correlation function method it turned out that
their clustering properties are well-�tted by a power-law with 
 �2 and r0=15-
25h�1Mpc, which is a factor 3-5 higher than what is found for galaxies.

A recent analysis of 449 X-ray selected clusters within the scope of the ROSAT-
ESO Flux Limited X-ray (REFLEX) Galaxy Cluster Survey showed a correla-
tion r0=18.8�0.9h�1Mpc on scales 4-40h�1Mpc at redshifts z�0.3 (Collins et
al. 2000). The spatial two-point correlation function of 364 clusters of galaxies
selected from the APM Galaxy Survey gave r0=14.3�2.35h�1Mpc (Dalton et
al. 1994), which marks a lower limit of the clustering strength for clusters of
galaxies. The upper limit is found to be r0 �25h�1Mpc, measured for rich
clusters of galaxies (Bahcall & Soneira 1983). There is striking evidence for the
amplitude of cluster correlation function to be dependent on the cluster rich-
ness: richer clusters6 (R�2) showing much stronger correlations than poorer
(R=1) clusters (Postman, Geller & Huchra 1986).

A more loose agglomeration of extragalactic sources in comparison to clusters
of galaxies are groups of galaxies including a few tens of galaxies. The combined
sample of CfA2 and Southern Sky Redshift Survey 2 gave 885 groups of galaxies,
which are signi�cantly more clustered than galaxies by a factor 1.64�0.16 (Gi-
rardi, Boschin & da Costa 2000). A volume-limited (distance-limit 78h�1Mpc)
sample of 139 groups shows a clustering in redshift-space matching a power-
law correlation function with r0 = 8� 1h�1Mpc (Girardi, Boschin & da Costa
2000).

1.5.3 Superclusters

Since the pioneering work of Shapley (1930), to whom the Shapley Supercluster
is dedicated, superclusters of galaxies became known structures. Further inves-
tigations on large scales, which have mainly been performed with rich Abell
clusters of galaxies, reported patterns with extensions of �300h�1Mpc (Tully
1986,1987,1992). Bahcall & Soneira (1984) presented a catalogue of super-
clusters at z<0.1, where larger superclusters exhibit elongated sizes that exceed
100h�1Mpc. Support for structures on scales of about 100h�1Mpc was provided
by a two dimensional measurement of the power spectrum in the LCRS (Landy
et al. 1996). A strong peak on such scales appeared and the authors con-
cluded that these structures are common features in the local Universe (z�0.2).
Some more superclusters were discovered, mostly named after the constellation
where they reside in, such as Coma, Perseus, Hercules, having typical masses
of 1015-1016 M� (Oort 1983).

A group of researchers, known as the Seven Samurai, was able to detect a
streaming motion above the cosmological expansion, that indicated a large over-

6R denotes the richness class
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density labeled Great Attractor (Lynden-Bell et al. 1988). Another attractor-
like structure, the Great Wall (�150h�1Mpc), was found in the CfA Redshift
Survey (Geller & Huchra 1989).

The most extended analysis of superclusters and their incorporation in the
structure network was published in a series of four papers, named The Super-
cluster-Void Network I-IV (Einasto et al. 1997c, 1997a, 1997b, and Jaaniste et
al. 1998). The goal of their study was to explore the three dimensional distri-
bution of superclusters and voids based on a catalogue of rich Abell clusters of
galaxies at z�0.12. The sample comprised 220 superclusters, of which 90 were
new discoveries. They showed that the supercluster void network shows regu-
lar patterns on scales �120h�1Mpc, where rich superclusters reside in chains
and walls. The clustering properties of clusters in rich superclusters are by far
di�erent to clusters located in poor superclusters. The correlation lengths are
r0 �45h�1Mpc for the former ones and r0 �17h�1Mpc for the latter. Moreover,
an oscillating correlation function with decaying amplitude was found. Its mini-
mum can be explained as the mean separation between centers of superclusters
and voids, whereas the secondary maximum corresponds to the distance be-
tween superclusters across voids. The last work of this series was addressed
to the shape and orientation of superclusters. Superclusters were found to be

attened and triaxial objects as not even one supercluster showed a spherical
shape. The spatial orientation of superclusters, as determined from their axes,
is random. No preferable orientation with respect to the line of sight, the align-
ment of neighboring superclusters or the surrounding large-scale structures was
found.

Due to the small number of known superclusters no two-point correlation func-
tion has been calculated so far.

1.6 Large-scale structures at high-redshifts

The most distant extragalactic sources increase the available volume for any
kind of studies, therefore, hunting for new record holders in the redshift domain
is a popular business. Even if the current record holder is a galaxy at z=6.68
(Chen, Lanzetta and Pascarelle 1999), AGNs remain the most luminous objects
known in the Universe. Since the discovery of the �rst AGN with z>4 in 1987
(Warren et al. 1987), more than 100 of such objects have been found. The
border of redshift 5 has been recently crossed by some galaxies at: z=5.34
(Dey et al. 1998 and (a galaxy pair) Spinrad et al. 1998), z=5.60 (Weyman et
al. 1998), z=5.19 (van Breugel et al. 1999), and z=5.74 (Hu, McMahon, and
Cowie 1999). This is probably just a short and incomplete list of the actual
most distant known objects in the Universe.

A method used for compiling high-redshift samples of galaxies has been the
Lyman break technique, where the break in the spectrum at 912 �A in the rest
frame is due to photoelectric absorption. The feature is so strong that samples
of Lyman-break galaxies (LBGs) can be assembled easily in the redshift
range 2.7�z�3.4. A sample of 871 LBGs at a median redshift zmedian = 3:04
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have a clustering correlation length r0 = 2:1h�1Mpc (Giavalisco et al. 1998),
which is comparable to that of present-day spirals. This result was derived from
the angular correlation function through the Limber transformation, since N(z)
of LBGs is well known. Another clustering investigation of LBGs (Adelberger
et al. 1998) found a correlation length of �4h�1Mpc comparable to local galaxy
samples and even stronger than intermediate redshift samples. These results
are in good agreement with clustering properties of dark matter halos resulting
from N-body simulations or analytic techniques. Hence, LBGs can be associated
with dark matter halos with masses of the order of 1012M� (Steidel et al.
1998). Furthermore, the strong spikes of LBGs, which were found in the redshift
histogram, have been interpreted as progenitors of present-day rich clusters of
galaxies.
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Chapter 2

ROSAC

Modern times are in
uenced more and more by marketing aspects: how can
a product or project be sold in the most impressive and e�ective way? In the
case of a project it is indispensable to commit oneself to an abbreviation of the
entire project, which is substantially more than explaining the project again
and again. A new project has been called into launch: ROSAC (A ROSAT
based Search for AGN Clusters).

2.1 De�nition: what is ROSAC

The ROSAC project1 has been founded by D. Engels and F. Tesch in 1997. It
aims at studying the large-scale structures of the Universe traced by AGNs, that
were selected by the ROSAT satellite in the soft X-ray range (0.1-2.4 keV, 100-5
�A). Unlike many other works in the �eld of large-scale structures this project
deals with low-redshift, chie
y z<0.5, AGNs. Thus ROSAC does not belong
to the 'scienti�c mainstream', that nowadays is clearly focused on high-redshift
projects. The scienti�c necessity of such a project is outlined in chapter 1.
Recall that there were just two other projects analyzing large-scale structures
with X-ray selected AGNs before. Additionally, these investigations (Boyle &
Mo 1993 and Carrera et al. 1998) found only weak clustering signals using the
2-point-correlation function. For an understanding of the evolution of cluster-
ing properties low-redshift studies are needed urgently, while examinations of
AGN samples at higher redshifts (z>1) are more numerous. These high-redshift
samples exhibit a decline of the clustering amplitude towards smaller redshifts
(down to z�1). However, this trend is by no means expected for even lower
redshifts, if the biasing of AGNs does not strongly di�er between the low- and
high-redshift regime. Then dark matter N-body simulations have shown that
the amplitude of the halo correlation function increases towards lower redshift
after reaching its minimum at z�1-2 (Bagla 1998 and Brainerd &Villumsen
1994). Observational evidence for such an augmentation of the AGN clustering

1This project is �nancially supported by the Deutsche Forschungsgemeinschaft since the
1st of October 1997.
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amplitude was provided by Sabbey et al. (2000), who found an unprecedented
strength of clustering at low-redshifts, which is in contradiction to all anaylses
ever performed in the local Universe, but �ts perfectly well to CDM N-body
simulations. On much larger scales, �100h�1Mpc, some groups of AGNs were
serendipitously discovered, most of them have redshift larger than 1. These su-
perstructures have been claimed to be the progenitors of Great Attractors in the
local Universe (Komberg et al. 1994). If this is correct, such structures should
be found in low-redshift (0.1<z<0.5) AGN samples as well. Both of the quoted
topics ((1) clustering properties and (2) search for AGN groups) are targeted
in the ROSAC project. Moreover, the ROSAC project will yield a well-de�ned
AGN sample that can be used to carry out further investigations besides the
clustering studies. A �rst attempt was made by R. Keil (diploma thesis, 2000),
who explored X-ray selected Narrow-line Seyfert 1 galaxies from ROSAC and
other X-ray projects (also Engels & Keil 2000).

In the upshot, the bottom line is that we do not know much about the cos-
mological evolution and formation of AGNs in general, and even less of X-ray
selected ones. It becomes more and more clear that a real understanding of the
formation of extragalactic objects and their evolutionary processes are heavily
linked to the evolution of the density �eld, the background cosmology, and, of
course, the formation and evolution of galaxies.

The ROSAC project is based on the ROSAT All-Sky Survey (RASS, Voges
et al. 1999) conducted shortly after the launch of ROSAT from July 1990 to
February 1991, its total survey exposure time amounts to 119.36 days. The
RASS is the �rst All-Sky Survey in X-rays which was carried out with an imag-
ing telescope increasing the sensitivity and source location accuracy. Former
X-ray catalogues used collimated counter surveys, such as UHURU, HEAO-1
and others. The Position Sensitive Proportional Counter (PSPC) used for the
RASS was optimized for the detection of point sources (Pfe�ermann et al. 1988)
providing the best available catalogue of soft X-ray sources. The �rst processing
of the RASS was performed by taking into account strips of 2Æ� 360Æ resulting
in about 50,000 sources, whereas a second analysis with a detection likelihood
reduced to � 7 gave about 145,000 sources almost three times more. The main
di�erence of the RASS-I and RASS-II data processing is that the overlap by at
least 0.23 degrees of two neighboring strips was considered, which led to larger
exposure times and problems of the source detection at the �eld boundaries
were overcome.

Unlike recent X-ray missions, such as theChandra X-Ray Observatory, (for-
merly known as Advanced X-ray Astrophysics Facilities (AXAF) and named in
honor of S. Chandrasekhar), which is furnished with the Advanced CCD Imag-
ing Spectrometer (ACIS) and the X-ray Multi-Mirror satellite (XMM) that
carries the Re
ection Grating Spectrometer (RGS), the X-ray information of an
object from ROSAT alone is not enough to make a convincing classi�cation. it
just has served as a pointer on objects. Chandra and XMM are equipped with
spectrographs in order to unveil directly the spectral �ngerprint of the source
without any help or follow-up spectroscopy in other wavelengths. For the pur-
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Figure 2.1: The initially de�ned areas in the ROSAC project, �lled areas mark
the selection made in the constellation Ursa Major, Coma, and Pisces on a
full-sky Mollweide projection.

poses of the ROSAC project further information from other wavelengths was
needed, especially the well-known optical wavelength range turned out to be an
essential means for the classi�cation of objects. The Hamburg Quasar Survey
(HQS, Hagen et al. 1995), which is a wide-angle objective prism survey in the
northern sky, provides the required optical information for the identi�cation of
soft X-ray selected AGNs from the RASS. Hence, observations were performed
at the Hamburg Schmidt telescope, that resides on the Calar Alto (Spain) since
1980. The survey plates having a size of 24�24 cm2, which covers a projected
area of 5.5� 5.5 deg2 on the sky, record spectra in the wavelength range between
3400 to 5400 �A. Typical exposure times were 60 minutes per plate achieving a
maximal magnitude of B � 18.5. However, the limiting magnitudes di�er from
plate to plate due to their quality and the observing conditions. Saturation is
responsible for an upper magnitude limit of B � 12 - 14. A 1.7Æ prism was
used giving a dispersion of 1390 �A/mm at H
 . Under good seeing conditions a
spectral resolution of 45 �A at H
 can be reached. After observations the plates
were digitized with a PDS microdensitometer at the Hamburg Observatory. De-
pending on the chosen scan mode the density spectra consist of about 15 (low
resolution scan) or 150 pixels (high resolution scan). Photometric sequences
from Guide Star Photometric Catalogue (Lasker et al. 1988) were taken to cal-
ibrate the digitized spectral plates in the Johnson B-band (�eff=4400�A). Next
to each prism plate a direct plate was taken as well. These plates were exposed
for about 45 minutes reaching a deeper plate limit of B � 20.

For the identi�cation process of RASS sources an error circle with a radius of
40

00

was adopted for each source. An enlargement of the error circle of 2.3
00

was
added due to the positional error of the spectra in the direction of dispersion
leading to an ellipse. All optical counterparts within the error ellipse were taken
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and the digitized objective prism spectra were considered in order to classify
the RASS sources (Bade et al. 1998).

Since the ROSAC project is restricted to a lifetime of about three years, which
corresponds to the typical duration of a PhD thesis, attention had to be drawn
to a few chosen areas on the northern hemisphere, although an All-Sky Survey,
of course, would be wishful thinking. The initial strategy was to carry out
follow-up observations in three regions located in the constellation Ursa Major
(UMa), Coma Berenices (Coma), and Pisces (s. �g 2.1). The choice of these
regions enables observations throughout the entire year. Due to the fact that
the UMa region as well as the COMA region can be reached for observations in
the �rst half of the year, the Coma region was considered as backup only. The
strategy in the Pisces region, which can be observed in the second part of the
year, was dictated by the existence of a known group of AGNs (Tesch & Engels
2000) in such a manner that AGNs candidates close to the group were observed
�rst. The areas of the ROSAC project are outlined in the following table:

Constellation �2000 Æ2000 �[deg2]

UMa 8h-11h 45Æ-58Æ 363.40
COMA 11h-14h 25Æ-35Æ 389.22
PISCES 23h30-2h 0Æ-10Æ 373.11
PISCES 23h30-1h30m 10Æ-20Æ 289.41

Table 2.1: The boundaries of the ROSAC areas are given by � and Æ comprising
the surface �. The regions in COMA and UMa extend both over 3 hours in right
ascension, whereas the PISCES region is de�ned by two adjacent areas totally
covering 662.52 deg2.

The next step was to think about a feasible strategy pertaining the optical
follow-up observations of AGN candidates. The salient points were (1) con-
centration on telescopes of the 2m class, where the number of applications is
decreasing with time due to the construction of larger telescopes (e.g. Keck,
VLT) and (2) to convince other scientists for a collaboration, having in mind
that these connections could open additional observing opportunities. The �rst
collaboration was found rapidly; J. Wei and Prof. J. Hu from the Beijing Astro-
physical Observatory (BAO) showed immediate interest in ROSAC. A second
collaboration was made with C. Ledoux (ESO) and D. Valls-Gabaud (OMP
Toulouse), and A. Ugryumov (SAO) joined as a further collaborator. All col-
laborations entailed the possibility of writing new proposals for observing time
at the 2.16m telescope in Xinglong, at the 1.93m telescope at the Observatoire
Haute de Provence (OHP), and at the Russian 6m telescope. Moreover, appli-
cations were made at the 2.2m telescope on Calar Alto. Apart from the Russian
6m telescope proposals all proposals had a successful issue. For a complete list
of applications see table 2.2.

After three years of ROSAC, 13 applications for follow-up spectroscopy of AGN
candidates were submitted to the committees of 6 di�erent telescopes. The
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ratio of approved to refused proposals is 8:4. 4 proposals were accepted at
BAO and OHP (2 and 2, respectively), and the remaining four at Calar Alto.
The number of observing nights summing up all approved proposals was 79, in
which the nature of 366 AGNs could be revealed, amounting to about 4.6 AGNs
per approved night. Admittedly, this is a rather disappointing low number of
AGNs, but one should consider that only 50-60% of the entire 79 nights were
suitable for observations and that the con�rmation rate of the AGN candidates
is about 82%, which makes our observing output somewhat more acceptable. A
detailed output of all observing runs is presented for the individual telescopes
in table 2.3

Year Period Nights Telescope Project A/R AGNs

1997 27.11-01.12 4 Calar Alto 2.2m ROSAC X 25

1998 Spring 3 SAO 6m ROSAC -
23.01-03.02 11 BAO 2.16m ROSAC X 63
24.03-26.03 3 BAO 2.16m ROSAC 0
17.04-19.04 3 BAO 2.16m ROSAC 0
20.04-28.04 9 OHP 1.93m ROSAC X 39
Fall 6 SAO 6m ROSAC -
13.09-16.09 4 Calar Alto 2.2m ROSAC X 38
23.10-25.10 3 BAO 2.16m ROSAC 13
13.11-15.11 3 BAO 2.16m ROSAC 17

1999 19.01-21.01 3 BAO 2.16m ROSAC X 18
16.03-26.03 10 OHP 1.93m ROSAC X 27
Spring 4.5 ESO 3.6m/1.5mD SCULPTOR -
Spring 5 Mt. Hopkins 1.5m bright AGNs -
13.04-15.04 3 BAO 2.16m ROSAC 0
03.05-10.05 8 Calar Alto 2.2m ROSAC X 39
14.09-16.09 3 BAO 2.16m ROSAC 0
Fall 6.5 ESO 3.6m/1.5mD SCULPTOR -
Fall 4 2dF SCULPTOR -
Fall 3 CFHT 3.6m ROSAC -
Fall 2 Kitt Peak 4m ROSAC -
05.11-11.11 7 Calar Alto 2.2m ROSAC X 43

2000 14.03-18.03 5 Calar Alto 2.2m ROSAC X 34

Table 2.2: The column A/R denotes approved (X) or refused (-) proposals.
At BAO applications always cover a whole year, thus marks are only set in the
column A/R for one granted application per year. The SCULPTOR project was
planned as a collaboration with M. Graham and R. Clowes to study the Group
of AGNs, which was �rst discovered by Webster (1982) located in the Sculptor
constellation. Another project with M. Elvis and A. Dobrzycki as collaborators
aimed at enlarging a sample of bright (B�17.5) AGNs in order to �nd further
clues about the Quasar Eigenvectors
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Finally, it should be mentioned that the ROSAC project has never reached
its formerly de�ned goals due to the incompleteness in at least two of the
three selected areas under study (details are presented in chapter 3). When
the ROSAC project was designed, one of the basic assumptions was that the
di�erence between RASS-I and RASS-II data was of the order of 10%, which
means that about 10% more sources were expected to be found in the second
RASS data processing. With release of the RASS-II data (in the mid-stage of
the ROSAC project) an average increase, independently on the position on the
sky, of about 50% of objects from RASS-I to RASS-II had been recognized, that
dropped the completeness of the three samples dramatically. A crude estimation
(s. chapter 3) shows that a prolongation of at least 2-3 years are required (for
follow-up spectroscopy) to accomplish this project according to its initial goals.
However, the upcoming big redshift surveys like the Sloan Digital Sky Survey
(SDSS) and the 2-degree-Field QSO Redshift Survey (2QZ) will comprise of
thousands of AGNs, urging the ROSAC project to be �nished soon. Especially,
the SDSS, that covers a large area of the RASS at the northern hemisphere,
put pressure on ROSAC due to overlapping areas and sources. Therefore, the
decision to accomplish at least one of the three ROSAC samples in the initially
established schedule was made. At that time the UMa area was advanced most,
so that the last observing run was solely used for sources in UMa.

AGNs Galaxies Stars Nights

B & B 5
SAO 5
BAO 111 11 15 32
OHP 66 3 12 19
Calar Alto 179 11 27 28

� 366 25 54 79

Table 2.3: The observing output per telescope. Thanks to our colleagues V.
Beckmann, N. Bade (B & B), and A. Urgyumov, who spend some minutes of
their precious observing time at the 3.5m telescope at Calar Alto and at SAO,
respectively, in order to unveil the AGN nature of another 10 objects. The
numerous unclassi�ed objects without any particular features in their spectra
are not listed here.



Chapter 3

DATA

After the description of the ROSAC project in the previous chapter, a detailed
overview is given here about the data set. The initial sample was provided by
the RASS, therefore it is the X-ray band that will mainly attract our attention.
First of all, optical follow-up observations had to be conducted in order to con-
�rm the AGN nature of the candidates and to get a sample with a completeness
high enough for clustering analyses. No examination of X-ray selected AGNs
can be found in the literature having degrees of completeness that are smaller
than 88%.

3.1 The determination of the �nal AGN sample

The follow-up spectroscopy was performed at 2m class telescopes (s. chapter
2) leading to the discovery of 366 new AGNs. In addition to own observations,
already known redshifts of AGNs that belong to our sample have been taken
from published investigations and/or available catalogues, such as NASA Ex-
tragalactic Database (NED). The table 3.1 depicts the individual samples of
the ROSAC project. The number of AGNs taken from the literature amounts
to 308, 46% of all classi�ed AGNs. The portion of own spectra is larger in the
UMa area, since the last observing runs were mainly focused on these objects. A
crude estimation of the degree of completeness for the PISCES area considering
RASS-II data gives 357 new sources, which is the di�erence between RASS-I
and RASS-II with a maximum likelihood ML � 10. Assuming that 50% of them
are AGN candidates, and taking into account our con�rmation rate CR of 82%
results in 144 new AGNs. For deriving the completeness in PISCES it has to
be resorted to the numbers in table 3.1, where 222 known AGNs and 46 AGN
candidates (45 with unknown redshifts + 1 BL Lac) are listed increasing the
number of AGN candidates to 190 totally now. The completeness C is de�ned
as

C =
NAGN

NAGN + CR � (N6z +N6f ) +NBL
; (3.1)

where NAGN represents the number of classi�ed AGNs, N6z is for remaining AGN
candidates, N 6f gives the number of objects without any features in their spectra,
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Sample Ntot NAGN Nrest N6z N6f NBL Ndiv C

UMa 379 266 113 61 10 4 38 0.81
COMA 236 185 51 26 9 1 15 0.86
PISCES 307 222 85 45 11 1 28 0.83

Table 3.1: The quoted numbers are only with respect to RASS-II in UMa,
whereas COMA and PISCES refer to RASS-I. Ntot denotes the entirety of AGN
candidates provided by the RASS and HQS. NAGN represents the number of
con�rmed AGNs by own observations and the NED, and Nrest is just the di�er-
ence between Ntot and NAGN , consisting of N 6z (remaining AGN candidates), N 6f
(featureless objects), NBL (number of BL Lac objects without redshift), and Ndiv

(diversity of non-AGN objects, such as normal galaxies, stars, and Cataclysmic
Variables). The completeness C per sample is given by equation 3.1.

and NBL refers to BL Lacs (candidates) without redshift information. Using
the mentioned relation (equation 3.1) for calculating C gives a completeness of
54%, which is inadequate for any study of clustering. Since the numbers for
the COMA area are similar to that of PISCES this sample does neither reach
a suÆcient completeness for consideration here.

The COMA and PISCES areas provide about 340 new AGNs with respect
to the RASS-II data, for which follow-up observations had to be done. In the
UMa region another 61 AGN candidates remain without redshifts amounting to
about 400 objects for the entire ROSAC project, which is even slightly higher
as all observed objects within 3 years of ROSAC. The conclusion is that at
least 2 more years of observations are required to reach the same completeness
in COMA and PISCES as it exists in UMa now. But the needed observing
time would be acquired much harder than before, since the committees, that
decide about the allocation of observing time, are generally more sceptical about
longterm projects without published results. Thus, the estimation of two more
years of follow-up observations is rather optimistic.

The high completeness in the UMa area is the reason why the following inves-
tigations are addressed to the UMa sample solely. Minor revisions to the UMa
sample statistics are necessary due to four objects. Three of them (an AGN, a
star, and a still unclassi�ed object) do not have an X-ray counterpart anymore,
whereas these objects had a counterpart in the RASS-I processing. Conversely,
the RASS-II data did not reveal any X-ray counterpart for unknown reasons.
The fourth object, an AGN with z=0.948, was found with an X-ray 
ux, that
lies below the 
ux limit (s. next chapter). All four objects were removed from
the initial sample, resulting in a �nal sample of 375 AGN candidates. Likewise,
the number of AGNs reduces to 264 and the number of the remaining AGN
candidates is 60. However, the completeness (C=81%) for the UMa sample is
not in
uenced by this revision.

The redshift distribution of the UMa AGN sample, having a median redshift
zmedian=0.331 and an average redshift �z=0.455, is shown in �gure 3.1. The
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largest measured redshift of the sample is 2.921 and the lowest one is 0.004. A
portion of 69% of all AGNs populate the redshift range at z�0.5 and still one
third of the sample lies at z�0.2.

Figure 3.1: The redshift distribution of the UMa sample clearly peaks at low-
redshifts in contrast to optically selected AGN samples. Three objects with
z>2.0 are omitted.

3.2 X-ray information

Since soft X-ray photons are heavily absorbed by atomic hydrogen inside our
galaxy, hydrogen column densities from radio observations had to be used in
order to correct the X-ray 
ux. By means of the redshift information from
optical spectra and the X-ray 
ux the X-ray luminosities were then calculated
for a standard cosmology (
m = 1:0;
� = 0). Finally, 
ux limits for the
generation of random samples were derived from exposure time and background
maps provided by the ROSAT team.

3.2.1 Hydrogen column densities NH from the Leiden-Dwingeloo
Survey

Since decades radio astronomers have drawn attention to the 21-cm line of
atomic hydrogen. The HI surveys are particularly important, because of the
absorbing properties of neutral hydrogen when lying in the line-of-sight. Es-
pecially, X-ray photons su�er from the encounter with the abundantly existing
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HI in the Milky Way, even though they are stronger absorbed by He, which is
hardly present in the Milky Way.

Figure 3.2: NH in the UMa area is displayed, where right ascension (in hours)
and declination (in degree) span the selected UMa region. Brighter color
denotes higher hydrogen column densities as seen in the three plotted con-
tours. The lowest column densities are clearly visible around the Lockman
hole (10h40m, 56d40m), whereas the Milky Way with its much higher column
densities comes up at the other end around 8h.

An earlier survey, which was performed with a 20 foot horn re
ector at the
AT&T Bell Laboratories in Crawford Hill (Stark et al. 1992), was the com-
monly used catalogue for hydrogen column densities until recently. Nowadays
the Leiden/Dwingeloo Survey o�ers a marvelous catalogue of atomic hydrogen
emission, which can be used to calculate hydrogen column densities. Due to its
better resolution and larger sky coverage older HI surveys have been replaced
by the Leiden/Dwingeloo Survey. The entire sky above declination of -30 de-
grees, on a half degree grid, over a velocity range of 1,000 km/s at a resolution
of 1 km/s is now available. The �ts-�les of the 206,668 radio spectra and sky
maps in di�erent velocity ranges can be downloaded from a CD that is enclosed
to the Atlas of Galactic Neutral Hydrogen (Hartmann & Burton 1997). The
integration over the radio spectra times a conversion factor (CF) provides the
hydrogen column densities:

NH = CFH �
Z
Tb � dv: (3.2)
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Tb denotes the brightness temperature in degrees of Kelvin and dv refers to
the velocities in km/s. Using a value of 0.18224 as conversion factor CFH , the
hydrogen column densities are given in 1019cm�2 (Hartmann & Burton 1997).

Before using this atlas few manipulations of the column densities had to be
done, since contamination by galaxies led to systematically larger hydrogen
column densities in certain regions of the sky. Therefore the spectra, where
galaxies can be clearly seen, were selected and the contribution of the galaxy
was subtracted. In seven cases the overlap of the galaxy radio emission and
the interstellar medium component was so strong that a subtraction was not
possible. Nevertheless, 55 spectra were obviously contaminated by galaxies.

For every AGN in the UMa sample a hydrogen column density can be calcu-
lated. All radio spectra within a radius of 1Æ around each AGN were taken
and weighted by their distance from the AGN. A weighted average seems to be
more plausible than an arithmetic average, since the closer the radio spectrum
lies to the AGN the stronger the in
uence at the location of the AGN.

The smallest hydrogen column density in UMa of �4�1019cm2 (table 3.2) at
10h40m and 56d40m is part of the Lockman Hole (Lockman, Jahoda & McCam-
mon 1986), which is a region of extremely low hydrogen absorption. Towards
the galactic plane the NH values increase as expected, culminating at 8h32m

and 57d38m.

Sample NHmax
NHmin

UMa 53.52 4.06
COMA 24.60 8.15
PISCES 72.29 15.76

Table 3.2: Maxima and minima of the hydrogen column densities in units of
1019cm�2 in the di�erent areas of ROSAC.

3.2.2 ROSAT data

The most important quantity from the X-ray data set is the count rate in units
of counts per second. The X-ray 
ux fx is related to the count rate through a
conversion factor

fx = CF � count rate (3.3)

where

CF =

R E2
E1

E1��exp(�NH � �(E))dER E2
E1

E�� �A(E)dE (3.4)

(Tananbaum et al. 1979). The interstellar photoelectric absorption �(E) in the
Galaxy disturbs the X-ray photon on its way to the observer. Morrison & Mc-
Cammon (1983) obtained an e�ective absorption cross-section for the interstel-
lar medium (ISM) using available atomic cross-sections and cosmic abundances.
The e�ective surface of the telescope A(E) (Tr�umper 1991) as a function of the
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energy have to be added as further ingredient. The photon number index � is
related to the spectral index �x as �=�x+1. To make the results comparable
to other investigations of X-ray AGNs a spectral index �x=1 was selected for
the entire sample. From the physical point of view this does not make much
sense, since some objects certainly do not follow a spectral power-law in the
soft X-ray band and others have discordant values from 1! ROSAT's energy
range is given by E1=0.1keV and E2=2.4keV. The hydrogen column density
was taken as explained from the Leiden/Dwingeloo survey (�g. 3.2).

Figure 3.3: The Conversion factor as a function of the spectral index �x for
several hydrogen column densities, ranging from completely unabsorbed X-ray
photons (NH=0) to NH=10

21cm�2.

Figure 3.3 illustrates the dependencies of the conversion factor on the spectral
index �x. Indirectly, it is the measured X-ray 
ux that is in
uenced by the
changes of CF and NH . In general, the larger the hydrogen column density
the larger the conversion factor is. This means that two sources with similar
count rates but di�erent NH absorption also di�er in their X-ray 
uxes, so that
the more absorbed source has a larger X-ray 
ux. For low hydrogen column
densities (e.g. NH �1020cm2), the conversion factor decreases monotonically
with increasing spectral index.

The X-ray 
ux for the UMa sample is easily derived from equation 3.3, for the
ROSAT count rates, the conversion factor, and a spectral index �X=1.0. The
next step is to include the redshift in order to calculate the X-ray luminosity as

Lx = 4�fxd
2
L(1 + z)�x�1 (3.5)

(Peterson 1997), where dL is the luminosity distance (s. Appendix A). The
factor (1+z)�x�1, named k-correction, is equal to unity for the applied spectral
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Figure 3.4: The conversion factor CF for the UMa sample derived from hydro-
gen column densities of the Leiden/Dwingeloo Survey. Strong features of the
conversion factor can be re�nd in the map of hydrogen column densities (3.2).
The largest value is CF=1.344�10�11 and the lowest one is 1.192�10�11 .

index (�x=1).

One major concern for the generation of random samples, which are required
for the clustering analysis (s. chapter 4), is how to get 
ux limits from the
X-ray data. It is obvious that the exposure time texp in
uences their calcu-
lation as well as the chosen maximum likelihood, ML. The smaller ML the
more objects are considered in the ROSAT source detection algorithm and the
lower is the 
ux limit. But the number of misidenti�cations among the X-ray
sources is also increasing with decreasing maximum likelihood. Therefore, a
rather conservative value of ML=10 was selected. For each of the three areas of
ROSAC, exposure time maps and background maps have been made available
by the ROSAT team with respect to the RASS-II data processing. These maps
have a resolution of 0.25�0.25deg2 , which is higher than the one of the Lei-
den/Dwingeloo Survey for determining hydrogen column densities. The center
of each of the 0.25�0.25deg2 �elds was chosen to calculate the hydrogen col-
umn density as described before. For a given position in the sky, the minimum
counts for detection C(�; Æ) are obtained from

p
ML � C(�; Æ)q

C(�; Æ) + b � texp
(3.6)
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Figure 3.5: The soft X-ray luminosities of the AGNs in the UMa sample with
their corresponding redshifts are shown as diamonds. The dashed line represents
the X-ray luminosity based on the lowest X-ray 
ux limit fxlimit

= 1:941 �
10�13ergcm�2s�1.

or
C(�; Æ) = 0:5(ML+

q
ML2 + 4 � b � texp �ML); (3.7)

where texp denotes the RASS exposure time and b the background count rates,
both as function of the position (�; Æ). The minimum counts for detection
divided by the exposure time gives the minimum count rates and the conversion
from count rates to 
uxes, here the 
ux limit, is achieved by multiplying the
count rates by the conversion factor as a function of the hydrogen column
densities:

fxlimit
(�; Æ) = CF (NH(�; Æ)) � C(�; Æ)

texp(�; Æ)
: (3.8)

The 
ux limits were derived for a spectral index �x=1.0 in order to make them
comparable to the other investigations.

3.3 Optical information

Next to the X-ray data, that de�ne the initial sample, optical data for the UMa
sample are available too. From the digitized Hamburg objective prism plates
apparent magnitudes mB in the Johnson b-band, since this �lter is fully covered
by the spectra, have been derived (Engels, Cordis & K�ohler 1994). An internal
characteristic curve was calibrated by the means of photometric sequences from
the Guide Star Photometric Catalogue I for the bright end (B<16) and own
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Figure 3.6: The RASS exposure time map in units of seconds for the UMa
region is shown in the left panel with an upper and lower limit of 657.97s and
19.35s. The less spectacular panel on the right presents the background count
rates.

sequences obtained at the 1.2m telescope on Calar Alto were used for the faint
end (15<B<20). The accuracy of the brightness calibration turned out to be 0.3
down to B�18.5 and, of course, larger for fainter magnitudes, while approaching
the plate limit. However, the estimation of an error for fainter magntiudes is
insecure, but at least 0.5. In a recent determination of the B-magnitudes in the
UMa region, the brightness calibration of the individual plates was attuned to
its neighboring plates in contrast to the former work, where the plate itself was
only taken into account regardless on its neighbors.

By means of the B-magnitudes the optical absolute magnitude MB can be
calculated as:

MB = mB �AB(�; Æ) �K(z)� 5 � logdL � 25 (3.9)

where dL is the luminosity distance (s. appendix A) and K(z) is the K-correction
for a power-law spectral energy distribution F� � ���, which approximates the
AGN continuum fairly well,

K(z) = 2:5(�opt � 1)log(1 + z): (3.10)

Flatter spectra (�opt <1) yield a negative K-correction, since such sources have a
bluer spectra and the brighter part is brought into the observed waveband by the
Doppler shift. The foreground extinction AB(�; Æ) is a function of the position
(�; Æ) at the hemisphere due to its dependence on the hydrogen column densi-
ties NH . The color excess is given by E(B-V)=AB -AV . Seaton (1979) found
R=AV /E(B-V)�3.2, so that AB=(1+R)E(B-V) and with E(B-V)=NH/4.8�1021
the foreground extinction is simply

AB(�; Æ) � 4:2
NH [cm

�2]

4:8 � 1021 : (3.11)

The completeness of the UMa sample can be improved by introducing a second
limit to the initial X-ray conditions in the Optical. Therefore a cut in the
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Figure 3.7: From equation 3.7 derived X-ray 
ux limits fxlimit
for the UMa

sample. Brighter areas denote higher 
ux limits, where the extrema are 1:94 �
10�13ergcm�2s�1 and 6:82 � 10�12ergcm�2s�1 . The features are chie
y drawn
from the exposure times.

distribution of apparent B-magnitudes at B<19.0 (�gure 3.8) was applied. The
selection of this magnitude cut is simply explained by the fact, that for brighter
B-magnitudes more and more AGNs would be excluded from the subsample and
on the other hand this magnitude represents the upper reliable determination of
B-magnitude. Taking both arguments into account, B<19.0 is an optimized cut.
Among the AGN candidates (N6z=60) are 55 objects with B-magnitudes fainter
or equal to 19.0, so that they have to be erased for the calculation of the new
completeness of the subsample. The number of featureless objects (N6f=10)
and BL Lacs (NBL=4) remain unchanged, while 42 faint AGNs with known
redshifts are omitted too. Finally, 222 AGNs are facing 15 AGN candidates,
whereby the con�rmation rate (�82%) has to be applied yet, leading to a much
better completeness C=222/(222+0.82�15+4)�93%.
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Figure 3.8: The apparent magnitudes in the Johnson B-�lter for the UMa
sample are presented including all bars of the histogram. The sum over the
�lled bars represent a subsample of N=223 with B<19.0.

Figure 3.9: In conjunction with �gure 3.8 the corresponding optical absolute
magnitudes MB (according to equation 3.8) are shown for the entire UMa sam-
ple (all bars) and a subsample with B<19.0 (�lled bars).
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Chapter 4

Data analysis

4.1 AGN selection function

The common property of available soft X-ray redshift surveys is the decrease of
the number density of objects with redshift. This can be expressed in terms of a
selection function (Strauss et al. 1991, Yahil et al. 1991 and Strauss & Willick
1995). The AGN selection function is based on the AGN luminosity function,
which is the number of AGNs per unit comoving volume per unit interval of lu-
minosity. This chapter deals with the derivation of the AGN selection function,
that is needed for the generation of random samples.

4.1.1 Ve/Va test

An early test devised by Schmidt (1968), called V/Vmax test, is a means for
studying the evolution of objects. A superior but related method to the V/Vmax

test was introduced by Avni & Bahcall (1980). The new variable, Ve/Va, is the
ratio of the volume enclosed by an object to the volume available to the same
object. The enclosed volume of an object is simply given by its redshift z and
formulae (A.10). For the available volume of an object its maximal redshift
zmax has to be calculated, which the object could have while reaching the 
ux
limit of the sample. The combination of (Lx, fxlim) is needed for deriving zmax,
and the comoving volume with respect to zmax determines the available volume.
If the luminosity function �(L,z) is independent of z, the number of objects,
N, of a given luminosity, L, per unit comoving volume is the same over the
entire redshift range. Hence, Ve/Va is uniformly distributed in the interval
[0,1] and the expected mean is <Ve/Va >=0.5 with a dispersion �2=1/(12N).
In an expanding Universe deviations from 0.5 as mean value for Ve/Va indicate
that the comoving density of objects evolves.

The Ve/Va test was applied to two samples in UMa: (a) X-ray selected sample
and (b) optically complete sample (B<19.0). The treatment of a sample, that
has been constructed by more than one selection criteria (e.g. sample (b), where
an optical 
ux limit is added an initially X-ray selected sample), is also described

63
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z range N Ve/Va �Ve=Va N Ve/Va �Ve=Va
0.0-0.3 125 0.469 0.03 110 0.445 0.03
0.3-0.7 88 0.485 0.03 74 0.508 0.03
0.7-1.25 35 0.501 0.05 26 0.513 0.06
1.25-2.0 13 0.698 0.08 11 0.714 0.09
all 264 0.462 0.02 222 0.433 0.02

Table 4.1: Ve/Va is shown for both samples in UMa, the proper or real sample
comprising 264 AGNs and one with B-magnitudes smaller than 19.0 (N=222).
Both samples were divided in four redshift bins.

by Avni & Bahcall (1980). Here zmax has to be chosen from the following
relation: zmax=min(z

X�ray
max ,zopticalmax ), then the Ve/Va test is applied as before.

The results, presented in table 4.1, are consistent with a value Ve/Va=0.5
to redshifts as high as 1.25, which is expected for a uniformly distributed,
complete, and unbiased sample. At higher redshifts Ve/Va is signi�cantly larger
than 0.5 indicating evolution of AGNs.

4.1.2 AGN X-ray luminosity function

Another way of studying the distribution of sources as a function of redshift
is the luminosity function �(Lx; z), which is de�ned as the number of AGNs
of a given luminosity per unit comoving volume. Usually the evolution of the
luminosity function is expressed in three di�erent ways: pure density evolution
(PDE), pure luminosity evolution (PLE), and luminosity-dependent density evo-
lution (LDDE), where the starting point is always the local luminosity function
�(Lx; z = 0), which is multiplied by an evolution function e(z) corresponding
to the favored evolution scenario. In a PDE scenario (Schmidt 1968) all objects
have the same luminosity independently of their redshifts and it is their density
that varies with z. PLE (Mathez 1976) suggests that the comoving density is the
same but that luminous AGNs were more frequent in the past. Finally, LDDE
(Schmidt & Green 1983) as the name indicates, suggests a density evolution
that depends on the luminosity bins.

Numerous calculations of the X-ray luminosity function of X-ray selected AGN
samples have been published (e.g. Maccacaro et al. 1991, Boyle et al. 1993,
Boyle et al. 1995, Page et al. 1996, Boyle et al. 1997, Jones et al. 1997, Page
et al. 1997, and Miyaji, Hasinger & Schmidt 2000). Attention is drawn here to
the work of Miyaji, Hasinger & Schmidt (2000), who used data from 7 ROSAT
surveys of various depth to investigate the evolution of the 0.5-2.0 keV soft X-
ray luminosity function. Their combined sample consists of 691 AGNs having
X-ray 
uxes from 4.2�10�11 to 1.7�10�15ergs�1cm�2. An analytical description
of the X-ray luminosity in the overall redshift and luminosity range was found
using Kolmogorov-Smirnov tests and Maximum-Likelihood �ts, and the form
of the LDDE model is well supported by the data in contrast to the classical
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PLE and PDE models. Their analytical expression for the present-epoch (local)
X-ray luminosity function is �tted by a double power-law:

d�(Lx; z = 0)

dLogLx
=

A

(Lx=L�)
1 + (Lx=L�)
2
: (4.1)

The evolution function for the PDE or PLE model is

e(z) =

(
(1 + z)p1 (z � zc)

e(zc)[(1 + z)=(1 + zc)]
p2 (z > zc)

(4.2)

and for the preferred LDDE model

e(Lx; z) =

8><
>:

(1 + z)max(0;p1��Log(La=Lx)) (z � zc;Lx < La)
(1 + z)p1 (z � zc;Lx � La)

e(Lx; zc)[(1 + z)=(1 + zc)]
p2 (z > zc)

(4.3)

where the parameters A, 
1, 
2, L�, p1, p2, La, and zc are model dependent (s.
table 4.2).

Model A L� 
1 
2 p1 p2 � LogLa zc
LDDE 1.01�10�6 3.00 0.75 2.25 5.1 0.0 1.7 44.1 1.57
PLE 4.0�10�6 1.33 0.60 2.34 3.0 0.3 1.42
PDE 6.0�10�7 4.32 0.74 2.28 4.6 0.6 1.60

Table 4.2: The �tting parameters are derived for the standard cosmological
model (
m = 1,
� = 0).

The X-ray luminosity function evolves from the present-epoch towards higher
redshifts via the evolution term:

d�(Lx; z)

dLogLx
=
d�(Lx; z = 0)

dLogLx
� e(Lx; z); (4.4)

where e(Lx; z) cn be replaced by e(z) depending on the model.

In practice, the luminosity function is often calculated using the accessible
volume �(1/Va) estimator, which was used for the UMa sample as well. The
X-ray luminosity function and its error in di�erent redshift shells are

d�

dLogLx
=

1

�iVa(Lxi)�LogLx
(4.5)

�

�
d�

dLogLx

�
� 1q

�iV 2
a (Lxi)�LogLx

: (4.6)

For the UMa sample, AGNs with redshifts z<0.5 have been taken into account,
since the number of objects decreases for larger redshifts, so that this part
of the sample is unsuitable for clustering sudies. A comparison of the X-ray
luminosity function in UMa with the LDDE and PDE model from Miyaji et
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Figure 4.1: The X-ray luminosity function for 182 ROSAC AGNs in UMa is
shown as stars with 1� errors. The LDDE model (triangles) and the PDE model
(crosses) slightly deviate between 42.5 and 45 in logLx from the UMa sample,
which can be explained by the incompleteness of the UMa sample.

al. is depicted in �gure 4.1. In spite of the incompleteness of the order of
20% in the UMa sample its X-ray luminosity function �ts well to the analytical
description of Miyaji et al. at low redshifts. A much better �t can be expected
from a complete UMa sample, as the deviations in di�erent luminosity bins
will be smaller or even vanish, and the luminosity function in the bins centred
on 42.25, 44.75, 45.25, and 45.75, that harbor less than 10 objects, will be
estimated more reliably. While Miyaji's LDDE model provides the best �t to
the studied data (of 862 AGNs) and it appears that the complete UMa sample
would also match well to this model, it reliably serves as selection function for
the generation of random samples.

The number of AGNs as function of its redshift can be derived from the LDDE
model of the X-ray luminosity function as follows (Miyaji, Hasinger & Schmidt
2000)

N(z) =

Z Lmax

Lmin

d�

dLogLx
d2a(z)(1 + z)3c

d�

dz
(z)A(Lx=dl); (4.7)

where d�=dz is the look-back time, da the angular distance (s. Appendix A)
and A(Lx/dl) is the available survey area as a function of the X-ray 
ux (Fig.
4.2). In order to get the correct units for N(z), the available survey area has
to be taken as dimensionless, which means that it has to be divided by the
surface of the whole UMa region (AUMa=363.4 deg2), so that its values span
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the range from 0 to 1. The determination of N(z) has been restricted to low
redshifts (z<0.5), since this is the range under investigation. To visualize what
is expected for a complete sample in UMa, the calculation of N(z) has been
performed for 225 AGNs, which should be close to 100%. Surprisingly, it is
obvious from the N(z) function (4.2) that AGNs are chie
y missing at low
redshifts (z<0.1), and the redshift range 0.1< z <0.5 corresponds well, besides
a few lacking objects, to the observed number of AGNs. This mismatch could
be produced by the fact that host galaxies are often visible at redshifts z<0.1,
which yield to a classi�cation of galaxies and not AGNs. Moreover, the number
of AGNs at z<0.1 would be larger as previously expected. Nevertheless, the
good agreement in the redshift range 0.1< z <0.5 encourages to take those
AGNs, which populate this range. Otherwise the random samples would consist
of substantially more AGNs at z <0.1 and the clustering signals would be
swamped away. Note, that the separation two objects have under an angle of
10Æ is 49h�1Mpc (Appendix A) at z=0.1 and the separation under the same
angle corresponds to 25h�1Mpc at z=0.05. Consequently, more objects in the
random sample would contribute to clustering signals on scales <20h�1Mpc,
since angle separations of �5-15Æ at z<0.1 are suÆcient for that.

Figure 4.2: The available area as a function of the 
ux limit is depicted for
the UMa area (contiguous surface of 363.4 deg2) in the left panel. The right
panel shows the number of AGNs derived from the luminosity function (4.1) at
di�erent redshifts. The histogram includes the 182 AGNs from the UMa sample
at z<0.5, whereas the dotted line refers to a complete sample of 225 AGNs in
UMa.

4.2 2-point correlation function

The spatial correlation function of AGNs at low redshifts is expected to exhibit
signals on small scales similar to normal galaxies. None of the investigations has
found signi�cant clustering on scales larger than 20h�1Mpc, so that attention is
drawn to smaller scales. 19 pairs of AGNs in the UMa sample have separations
smaller than 20h�1Mpc (s. Appendix C). Among them form three triplets, two
of which are real triplets in the sense that all three separations between them are
smaller than 20h�1Mpc. The third triplet shows a �lamentary-like shape (�g.
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4.3). In total 31 AGNs produce clustering signals on small scales, which makes
about 12% of the whole UMa sample. Most of the 19 pairs have redshifts
smaller than 0.2, only three of them have larger redshifts (0.211, 0.215, and
0.334). No contributions are made by larger redshift AGNs, which strengthens
the restriction to consider AGNs with z<0.5.

Figure 4.3: The spatial distribution of the 19 pairs in the UMa sample is shown.

scales [h�1Mpc] 0-5 5-10 10-15 15-20 �

Npairs(z <0.5) 1 5 6 7 19
Npairs(0.1< z <0.5) 1 3 2 5 11
NpairsB<19:0(0.1< z <0.5) 0 2 2 3 7

Table 4.3: Pair statistics for the UMa sample on small scales r<20h�1Mpc.
The numbers of pairs drops from 19 with z<0.5 to 11 if the ones with z<0.1 are
erased and only 7 remain for the brighter optical part (B<19.0).

4.2.1 The generation of random samples

The procedure of generating random samples having the same selection e�ects
as the real sample comprises three steps: (1) take redshifts from N(z), (2) take
Lx from d�(Lx; z)/dlogLx for a given redshift, and (3) pick (�; Æ) from 
ux
limits (fx �Lx/d2l (z)). Generally, random numbers xi of a speci�c distribution
g(x) are picked by generating uniformly distributed pairs (xi; yi) in the range
[xmin; xmax] and [min(g(x));max(g(x))] respectively. If the requirement yi �
g(xi) holds, then the quantity xi will be taken as input for the random catalogue,
otherwise it will be repeated from the beginning. This loop is not interrupted
before the required number of random data points is reached.
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Figure 4.4: A generated random catalogue of 100,000 AGNs is shown with
redshift as a function of X-ray luminosity and positions (�; Æ). The simulated
distributions are evidently akin to the real sample (�gs 3.5 and 3.7).

The described procedure was applied to the function N(z) and the X-ray lu-
minosity function d�(Lx; z)=d log Lx in order to get random pairs (Lx,z). The
luminosity function depends on the redshift via the evolution term e(z). There-
fore, the redshift has to be generated before the X-ray luminosity. The random
pair (Lx,z) was used to derive the X-ray 
ux fx from equation (3.5) and the
position on the sky (�; Æ) was assigned by means of the 
ux limits. One of
the 9,360 sub�elds of the 
ux limit map was taken randomly, and if fx �fxlimit

a position within the sub�eld (0.25�0.25 deg2) was assigned by chance to the
redshift z, otherwise another sub�eld was picked and so on. Any number and
size of randomly generated catalogues of AGNs (�; Æ; z) can be produced by
this method utilizing as comparison to the real sample.

4.2.2 Three samples in UMa

Three samples in the UMa region were de�ned in the redshift range 0.1< z <0.5
and the method described earlier was applied to get random samples having the
same number of entries and selection e�ects as the real sample: (1) including
all observed AGNs (N=161), (2) taking AGNs with B<19.0 (N=134), and (3)
taking (1) plus AGNs from the incomplete part of the sample, where the part
of AGN candidates has to be simulated according to the selection functions
(N=199). For each sample 10,000 random samples were generated and the
2-point correlation function has been calculated using �ve di�erent estimators
described in chapter 1. The procedure for sample (1) is straightforward, whereas
sample (2) needs few additions due to the optical limit of B<19.0. As a �rst
step, it is recommended to calculate the following quantity according to Stocke
et al. (1991)

log(fx=fB) = 5:37 + log fx +
B

2:5
: (4.8)

From this distribution (�g. 4.5) a log(fx=fB) value was selected randomly and
the corresponding B-magnitude was derived from equation (4.7). If this B-
magnitude is smaller than 19.0, the generated AGN is taken as input for the
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Figure 4.5: The histogram of log
�
fx
fB

�
is in good agreement with a former anal-

ysis of Bade (1993), who also studied AGNs from ROSAT. The maximum and
minimum values of log(fx=fB) are 2.27 and -2.55, respectively. The distribution
has a mean of 0.39 with a standard deviation of 0.44, and the median is 0.43.

random catalogue, otherwise the procedure will be repeated until the required
number of random AGNs have entered the catalogue. For the sample (3) the
number of AGN candidates that have to be added to the real sample is cal-
culated as follows: 71 AGN candidates, belonging to the featureless objects
(N6f=10) or to the one that have not been observed so far (N6z=61), have to be
considered, while taking into account the con�rmation rate of 82% for them.
Another 4 objects with unknown redshifts were classi�ed as BL Lacs due to their
spectra. The sum of these components is multiplied by the fraction objects that
populates the redshift range 0.1< z <0.5 in the real sample (61%). The assump-
tion that the missing AGN candidates obey the same redshift distribution as
the already known AGNs in UMa has been made. These considerations yield
0.61�(0.82�(61+10)+4)=38 AGNs, that were added to the real sample of 161
AGNs amounting to 199 AGNs in the regarded redshift range.

4.2.3 Results

As it has been emphasized in chapter 1., some estimators are available for
the calculation of �̂(r) + 1 and �ve of them were chosen for application here1 :
(1) DD(r)/RR(r), (2) DD(r)/DR(r), (3) (DD(r)-DR(r))/RR(r),
(4) DD(r)�RR(r)/DR2(r), and (5) (DD(r)-2DR(r)+RR(r))/RR(r). In order
to exhibit a clustering signal on a certain scale r, these estimators have to
be larger than 1. A concise comparison among them reveals that the esti-

1Recall, that DD(r) and RR(r) denote the number of AGN pairs in the real sample and
number of AGNs in the random catalogue on scales r. DR(r) is a cross term between one real
AGN with the whole random catalogue.
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r DD(r) DR(r) RR(r) ��poiss(r) �1(r) �2(r) �3(r) �4(r) �5(r)

0-5 1 0.20 0.23 4.35 3.35 4.00 2.48 4.75 2.61
5-10 3 1.37 1.55 1.12 0.94 1.19 0.05 1.48 0.17

0-5 0 0.17 0.17
5-10 2 0.80 1.07 1.32 0.87 1.50 0.12 2.34 0.37

0-5 1.3 0.23 0.36 3.17 2.61 4.65 1.97 7.85 2.33
5-10 3.5 1.77 2.45 0.76 0.43 0.98 -0.29 1.74 -0.02

Table 4.4: The clustering results of three di�erently de�ned samples on scales
r<10h�1Mpc in two bins (0-5h�1Mpc and 5-10h�1Mpc) are depicted for various
estimators of the 2-point correlation function and the poissonian error. The
samples (1), (2), and (3) as presented in the text, are shown from top to bottom
in this table.

mators (3) and (5) require more stringent constraints than the other, with
DD(r)>DR(r)+RR(r) and DD(r)>2DR(r). The less �rm constraints are
DD(r)>RR(r), DD(r)>DR(r), and DD(r)>DR2(r)/RR(r) for the estimators
(1), (2), and (4) respectively. If there are not signi�cant di�erences between
DR(r) and RR(r), the number of pairs DD(r) in the sample must be twice as
large for the estimators (3) and (5) as for the other three estimators in order
that the same clustering signal shows up. Consequently, it is not surprising
that both estimators �nd smaller clustering results than the others (table 4.4).
The clustering results in the three investigated samples in UMa do not di�er
signi�cantly from each other. This accordance makes the extracted clustering
signal more robust, although not statistically signi�cant, and gives hope that
this trend will hold in larger samples, where the signal would be signi�cant
above a certain number of AGNs.

The two-point correlation function results for the three di�erent samples were
�tted to the standard power law �(r) = (r=r0)

�
 (�g. 4.7, only for the X-ray
selected sample). For this purpose, the minimum �2-method was used (i) with
r0 and 
 as free parameters (ii) with a �xed exponent 
=1.8. No evidence
for clustering on scales larger than 10h�1Mpc can be seen and the signals on
smaller scales are not statistically signi�cant. The plotted errors are poissonian,
which generally underestimate the error from bootstrap sampling by a factor
of �1.7 (chapter 1).
The best-�t for the case of two free parameters yielded r0=14h

�1Mpc and

=0.9, but the 1 � and 3 � contours of the �2-method indicate that there
is a large range of possible values (�g. 4.6). Customarily, the power law is
�tted with a �xed 
 value of 1.8, which has initially emerged from clustering
of galaxies and has been applied to AGNs as well. In order to compare the
results with other investigations, this step should be done too. The �tting re-
sults are irrefutably dependent on the included data points. Three approaches
were performed, one takes into account all nine positive pairs DD(r) binned on
5h�1Mpc scales over the range 0-100h�1Mpc, and two were chosen from bin
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Figure 4.6: The two free parameter �2 test gives r0=14h
�1Mpc and 
=0.9 as

best �t, marked as (+). The 1 and 3 � contours comprise a big range of possible
values. Speci�cally, the nose at smaller correlation lengths gives con�dence,
that an extension of this sample will provide a better �t.

sizes of 1h�1Mpc on small scales (r < 10h�1Mpc) including 11 and 18 data
points with DD(r)/RR(r)>1 and DD(r)>0 respectively. The results, presented
in table (4.5), extend over a range of r0 �5-10h�1Mpc with a mean around
7h�1Mpc. On no account, the correlation length can be more constricted with
this sample. Further work has to be conducted in this �eld with larger sam-
ples to investigate this trend and provide signi�cant clustering results at low
redshifts.

�tted data points scales r0 [h
�1Mpc] �2

DD(r)/RR(r)>0 (N=18) r<30 5.71+2:86�5:71 5.6

DD(r)/RR(r)>0 (N=11) r<30 8.59+2:52�3:34 1.4

DD(r)>0 (N=9) r<100 6.97+1:97�2:61 6.8

Table 4.5: Power law �2-�t of the 2-point correlation results from table (4.4)
for the UMa sample with 161 AGNs with a �xed 
=1.8 and 1 � errors for
the correlation length r0. The choice of the included data points is evidently
important to the results.
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Figure 4.7: The two-point correlation function is plotted on small (r <
30h�1Mpc) and large (r < 30h�1Mpc) scales for three di�erent �ts, as de-
scribed in text (see also table 4.5). The upper panel is binned to 1h�1Mpc,
whereas the lower panel shows binning of 5h�1Mpc.

4.2.4 Estimations

The question remains as to how many AGNs are required to exhibit a signi�cant
clustering signal under the assumption that the observed clustering trend is real.
Therefore, the expected number of pairs of an unclustered in comparison to a
clustered population is required.

The number of pairs Npairs with separations < r in a uniformly distributed
population in space is

Npairs =
N

2

�
4

3
�r3

N

V

�
; (4.9)
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where N is the number of objects located in the volume V. The volume was cal-
culated from equation (A.10) in the redshift range 0.1< z <0.5 as
V=4.84465�107h�3Mpc for 
ster = (�=180)2
, and 
 is the solid angle in
square degrees covered by the survey (363.4 deg2), which gives Npairs=1.12
for r=10h�1Mpc and N=161. For a clustered population, the expected number
of pairs is

Nc = Npairs +
N

2

N

V

Z r

0
�(r)dV: (4.10)

The power law of the 2-point correlation function with r0=7h
�1Mpc and 
=1.8

was chosen, so that the integral was easily determined with dV = 4
3�r

2dr. The
expected number of pairs of such a clustered population is Nc=1.61.

In order to measure clustering signals that are signi�cant on the 1 � level, the
basic requirement is given by ��(r) < �(r), which can be replaced for the stan-
dard estimator DD(r)/RR(r) by [DD(r)/RR(r)]/[(DD(r)/RR(r)-1)]2 <RR(r).
Considering the ratio R=Nc=Npairs=1.4375 of the clustered population to the
unclustered one, which is identical to DD(r)/RR(r), gives R/(R-1)2 <RR(r).
Then the minimum number Nmin of required AGNs, that show signi�cant clus-
tering is

Nmin >

vuut2V R
(R�1)2

4
3�r

3
: (4.11)

The minimum number of AGNs in the UMa sample is Nmin=417 with respect to
the 1 � poissonian error and r0 =7h

�1Mpc, while the number of required AGNs
is found to be 706 and 247 for correlation lengths of 5h�1Mpc and 10h�1Mpc, re-
spectively. The estimate of Nmin hinges strongly upon the clustering strengths.

The simulated complete UMa sample warrants an outlook as to what the �nal
stage of the UMa sample, if it is ever reached or not, could contribute. The
values for DD(r<10h�1Mpc)=4.8 and RR(r<10h�1Mpc)=2.8 are taken from
table 4.4. Applying a correlation length r0=7h

�1Mpc yields that 281 AGNs are
required to achieve signi�cant clustering signals. This estimation, in contrast
to the others, is in the scope of the ROSAC project, if the maximum likelihood
(the detection probability) of the RASS sources will be lowered (increased), so
that the number of AGNs spirals up. In terms of the surface density (N/
) 0.77
AGNs/deg2 are required for signi�cant clustering. The UMa sample (N=161)
has a surface density of 0.44 AGNs/deg2, which is still too low.

4.2.5 The in
uence of the cosmology

How does the AGN clustering signal change, if another cosmology is considered?
For the sake of simplicity and comparability, the standard cosmology (
m =
1;
� = 0;
k = 0) has been applied throughout this work. Fortunately, the
whole procedure of deducing the 2-point correlation function does not have
to be repeated, while adopting another cosmology. The separations between
AGNs scale with a factor, that is de�ned by the formerly applied cosmology
with respect to the new one as a function of redshift. This factor can be taken
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as inverse cube-root of the volumes ratios according to Popowski et al. (1998)
and Martini & Weinberg (2000). The factor for a �-model (
m = 0:3;
� =
0:7;
k = 0:0) and an open model (
m = 0:3;
� = 0:0;
k = 0:0) were derived
with respect to the standard model (
m = 1:0;
� = 0:0;
k = 0:0) at z = 0:5
to �1.3 and �1.1, respectively. Subsequently, the correlation length, r0, in the
two compared cosmologies increases by these factors to 9.1 and 7.7h�1Mpc.

4.3 Seeking superstructures

The minimal spanning tree technique was applied to the UMa sample using
the algorithm of Prim (1957). At �rst the minimal spanning tree for the entire
sample of 264 AGNs was calculated. A plot in three dimensions is presented in
Figure 4.8.

Figure 4.8: Minimal spanning tree for the entire sample in UMa is shown, where
the three axes are right ascension in hours, declination in degrees, and redshift
z.

Based on the minimal spanning tree, the critical separation distance dc was
found by erasing the connections between AGNs, that have a larger weight (or
distance) than a given weight, which is increased by steps of 1h�1Mpc from 0
to 200h�1Mpc. For every step size the number of remaining structures in the
initial minimal spanning tree was counted (s. Figure 4.9).

The critical separation distance turned out to be dc=36h
�1Mpc, at which

most structures (N=26) remained in the minimal spanning tree. Neverthe-
less, it is obvious from �gure 4.9 that apart from the �rst maximum, there
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Figure 4.9: The number of structures as a function of the separation distance.
The maximum of N=26 structures determines the critical separation distance
at dc=36h

�1Mpc.

is a second maximum at d=32h�1Mpc with N=25 structures and a third one
at d=48h�1Mpc and d=49h�1Mpc with N=23 structures both. These maxima
next to the peak have to be taken into account as well. It is clear that the search
for the critical separation distance just gives a hint for the scales that have to
be considered, while seeking superstructure candidates. At the �rst peak six
superstructure candidates out of 26 were found, that ful�ll the requirement of
having at least 5 members, but none is a signi�cant superstructure. Since most
of the structures are pairs or triplets, it is necessary to impose constraints on
the number of members of the superstructure candidate. After the extraction of
superstructure candidates their signi�cant level has to be determined. For this
purpose, 10,000 random trees were generated within the same volume and with
the same number of objects as the superstructure candidate. By comparing the
average length and its standard deviation, the signi�cance level is simply the
number of random trees n, that have a smaller average length and standard
deviation than the candidate

Two signi�cant superstructures have been detected at d=48h�1Mpc, one com-
prising 26 AGNs on a surface of 19.3�11.2 deg2 with a signi�cance level of
0.15% (=3.17 �) at redshifts ranging from 0.086 to 0.197, and the other one
consisting of 14 AGNs extended over 12.4 deg in right ascension and 8.9 deg in
declination, with a signi�cance level of 1.9% (=3.1 �). The �rst stressed struc-
ture extends over the whole Uma area in declination, so that the boundaries of
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separation distance [h�1Mpc] 32 36 48 49 65

Number of structures 25 26 23 23 20
Superstructure candidates 5 6 8 8 5
Signi�cant superstructures 0 0 2 3 0

Table 4.6: The search for superstructures was performed on four di�erent sep-
aration distances. The number of structures comprises also groups of less than
�ve members, whereas superstructure candidates must possess at least �ve mem-
bers. Superstructures that are signi�cant at least on the 2� level are listed here.

this agglomeration, that is probably a long �lament, are outside of the chosen
area. The real size of the structure is hidden and a signi�cance level cannot be
derived, so that this structure was omitted from the list of new AGN groups
(table 4.7). However, the second signi�cant superstructure of 14 AGNs has di-
mensions (�; Æ,z) of 120.24�86.39�141.27h�3Mpc3, for a projected extension in
right ascension and declination at the mean redshift of 0.215. Surprisingly, the
�rst large (N=26) structure found disappears, when the step size is increased
only by 1h�1Mpc. At d=49h�1Mpc three superstructure candidates came up,
where one of them was also detected earlier. Thus two further candidates were
found with signi�cance levels of 2.44% (=2.27 �) and 3.86% (=2.07 �) com-
prising 19 and 6 members respectively. The superstructure with 19 AGNs is
elongated over the entire range in declination, that is why it has to be excluded
from the candidates. Conversely, the smaller group with 6 AGNs represents an
excellent candidate far from the boundaries of the UMa area. The large new
AGN group with 14 members includes optically bright (B�16.5) as well as faint
(B�19, at the detection limit) AGNs, whereas the smaller group of six AGNs
contains mainly faint objects. If the AGNs with B�19.0 were erased from the
groups they would consist of 8 and 4 AGNs, respectively, and their detection as
group would have unlikely occurred. That is the reason why the sample with
the optical cut at B=19.0 was not investigated.

The results of the MST technique applied to 50 mock samples, that were gener-
ated using the selection functions (N(z) and fxlim) for the UMa sample, are out-
lined in �gure 4.11. This time the real sample in the redshift range 0.1<z<0.5
with 161 AGNs (instead of 264 AGNs) was chosen as comparison to the mock
samples. The �ndings of the two signi�cant superstructures has not changed in
the smaller sample, which is expressed by the same shape of the functions (�gs.
4.9 and 4.11) as well as the same critical separation distance of 36h�1Mpc for
both distributions. The number of minimal spanning trees averaged over 50
mock samples peaks at a critical separation distance of 38h�1Mpc, for which
23.7 groups are found. This number corresponds well with the 23 groups found
in the real sample at a separation distance of 36h�1Mpc. The agreement be-
tween the values for the observed sample and the mean of the mock samples
indicates that the observed sample is not highly clustered on scales around the
peak, which matches to the results of the 2-point correlation function, where
no clustering on scales larger than 10h�1Mpc was found. The small enhance-
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AGN groups

�2000 Æ2000 z �2000 Æ2000 z

09 28 21.0 +49 37 36 0.238 08 40 01.4 +50 29 44 0.276
09 35 09.4 +48 19 09 0.223 08 42 30.3 +49 58 02 0.305
09 36 12.2 +51 48 08 0.246 08 45 04.3 +54 26 10 0.300
09 46 21.3 +47 11 30 0.230 08 48 56.5 +51 42 25 0.287
09 49 03.6 +47 46 53 0.214 08 54 57.1 +54 48 19 0.255
09 54 09.9 +49 14 58 0.207 08 57 28.4 +52 16 34 0.273
09 56 27.4 +54 04 25 0.208
09 58 34.0 +56 02 23 0.215
10 00 32.3 +55 36 29 0.216
10 04 43.4 +48 01 54 0.197
10 07 10.1 +50 33 34 0.211
10 07 44.5 +50 07 47 0.212
10 15 04.0 +49 25 59 0.200
10 17 57.7 +47 32 35 0.183

l�=120.24h
�1Mpc l�=53.04h

�1Mpc
lÆ=86.39h

�1Mpc lÆ=58.81h
�1Mpc

lz=141.27h
�1Mpc lz=103.60h

�1Mpc

Table 4.7: Coordinates of the members of the two new signi�cant AGN groups
in UMa. Their extension in � and Æ is expressed with respect to the medium
redshift of each group (z=0.215 and z=0.280).

ment on small scales of the real sample in comparison to the mock samples
could be partially due to the clustering signal that was found earlier. From
the concordance of both samples pertaining the MST results, it is not expected
that the observed sample has signi�cantly more groups of AGNs than the mock
samples. The following limitations were de�ned for the search of signi�cant
superstructures in the mock samples: (1) as in the real sample the superstruc-
ture has to contain at least �ve members, (2) its extension in any direction
must be smaller than 200h�1Mpc, (3) the angular length in right ascension is
smaller than 15Æ and in declination smaller than 10Æ, otherwise the structure
would be too big for the window in the UMa region. In the 50 mock samples,
21 superstructures ful�lling the requirements (1), (2), and (3) at the same time
were found, of which only 6 comprised 10 or more members, while the most
numerous structure had 13 members. The redshifts of all 21 superstructures
matches to the distribution N(z): the majority of 14 structures were located
in the redshift regime between 0.1 and 0.2, whereas �ve were found between
0.2< z <0.3, and two had slightly larger redshifts than 0.3. The probability
of �nding superstructures in the mock samples is given by the �nding of 21
structures out of 50 (42%), which agrees well with the non-detection of any sig-
ni�cant superstructure in the observed AGN sample at the peak of 36h�1Mpc.
Recall, that the two signi�cant AGN groups were found at larger separations.
The occurrence of such superstructures is by no means more often than it is
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Figure 4.10: Minimal spanning trees of the four signi�cant AGN groups found
in UMa. The left panels show the excluded candidates, their elongation over
the whole range in declination is clearly visible. On the right are both new
AGN groups.

in random distributions, which underlines that their formation happens as fre-
quent as chance 
uctuations of similar sizes. It is suggested from the results of
the mock samples, that superstructures are scarce in space.

4.4 N-body simulations

4.4.1 Why simulations?

The progress in computer technology within the last ten years has led to an
upcoming interest in modeling structure formation. Ever faster computers al-
low the incorporation of more advanced models, which means that apart from
gravitational forces, gas dynamics, chemistry, and radiative transfer have been
considered, and also higher resolutions could be realized. In N-body simula-
tions, where dark matter particles of a certain mass are represented by points
in a three dimensional space, the gap between pure theory and observations is
bridged. The main applications have been the calibration and measurement of
cosmological parameters and the attempt to understand nonlinear gravitational
clustering.

The �rst step in all N-body simulations is to de�ne the initial conditions by
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Figure 4.11: Number of minimal spanning trees in 50 mock samples (dashed
line) compared to those in the real AGN sample (solid line).

specifying the background cosmology. This, of course, requires more than just
the values of H0 and 
. The origin of the density 
uctuations in the early
Universe determines decisively the development of structures as a function of
time. The generic predictions of the two plausible mechanisms of in
ation
(Guth 1981) and topological defects (Vilenkin & Shellard 1994) are opposingly
di�erent. In
ation generates Gaussian 
uctuations, while topological defects
are non-Gaussian.

In principle, two classes of defect models are competing in the non-Gaussian
scenario: cosmic strings (Bennett & Bouchet 1990) and global textures (Cen et
al. 1991). Independently of the defect class, simulations of non-Gaussian models
are complicated, since the formation and evolution of defects is relativistic and
fully nonlinear. The more convincing argument as to why Gaussian 
uctuations
should be considered instead, is that non-Gaussian 
uctuations have failed to
describe the observed structures in a satisfying manner until now.

In fact, Gaussian 
uctuations are simple, because they are completely speci�ed
by the power spectrum P(k) (s. chapter 1). The initial conditions are com-
monly set by the Zeldovich approximation (Zeldovich 1970), that is also valid
in the mildly nonlinear regime. In N-body simulations the matter distribution
is described as a collection of N particles interacting via gravity. The evolu-
tion of the positions and velocities of the dark matter particles, starting from
initial conditions at 25�z<100, is followed by the chosen numerical technique
and gives the gravitational forces between any particles at any time. There are
principally four N-body codes: Particle Mesh (PM) code, P3M code, TREE
code, and Adaptive Re�nement Tree (ART) code. The particle-mesh or PM
code calculates large-scale forces on particles from a potential obtained by solv-
ing the Poisson equation on a regular array of mesh points. This code is fast,
so that a large number of particles can be used. A small-scale particle-particle
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(PP) contribution can be added to the PM code, which gives the P3M code
(Hockney & Eastwood 1981 and Efstathiou et al. 1985). It has the advantage
to evaluate the short range force accurately and the long range force rapidly. A
more expensive code with respect to the time it needs to conduct a simulation
is the TREE code (Appel 1985, Barnes & Hut 1986, and Hernquist 1987). The
main advantage is its 
exibility concerning the choice of boundary conditions,
which is important for simulating large-scale 
uctuations. Finally, Kravtsov et
al. (1997) developed the ART code, that re�nes high-density regions with an
automated re�nement algorithm in order to reach high force resolution. All the
above mentioned codes give similar results, unless scales of individual galaxies
(r<1h�1Mpc) are concerned (Knebe et al. 2000), where the TREE or ART
code should be preferred.

4.4.2 Application to ROSAC

A biased and an unbiased catalogue of dark matter N-body simulations was
made available by Rupert Croft, who used the code of Efstathiou et al. (1985),
for the needs of the ROSAC project. Every particle has a mass of 1.6�1014M�

and the initial �CDM power spectrum is given by the shape parameter
�=
h=0.25, which is normalized to �8=0.9.

The crucial point is how to select AGNs from agglomerations of dark matter
particles. The local density �, de�ned by the radius to the 10 surrounding
particles, in comparison to the mean density ��, determines the probability P of
pointing to an AGN

P = A

�
�

��

�b
; (4.12)

where A=0.09 and b=1.5 or 1.0. The meaning of A is to regulate the number
of objects that are required for the investigation, and b is close to the linear
bias parameter.

For the simulations, a box of length L=1,000h�1Mpc was chosen including
almost 1,000,000 objects. If the observer was in the middle of the volume
(box) an All-Sky survey with a depth of L/2, which corresponds to a redshift
of �0.19, can be simulated. However, ROSAC's AGN sample maps structures
out to redshift of �0.5, so that the volume had to be extended. This was
done by a periodical placing of the same box around itself. 27 cubes placed
in the mentioned manner give a big cube with a length of 3L. The center of
this big cube is again the location of the observer, but the available depth
is now 1,500h�1Mpc. Our analysis was restricted to z�0.5 (�1,100h�1Mpc),
therefore, all objects that are farther away from the observer had to be erased.
In other words, a sphere with a radius of 1,100h�1Mpc was cut out of the big
cube. The volume of this sphere, which represents the All-Sky survey, is 5.61
times larger than the initial box of length L. Likewise, the expected number of
objects within the sphere is about 5,610,000, multiplied by the same factor as
the volume. Since the data of the simulated catalogues are in real-space, they
have to be converted into redshift-space with the help of their velocities. If the
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observer is at position (x0, y0, z0) and the i-th AGN has position (xi, yi, zi)
and velocities (vxi , vyi , vzi), the conversion is as follows

xz�space = xi + vlosi
xi � x0
ri

(4.13)

yz�space = yi + vlosi
yi � y0
ri

(4.14)

zz�space = zi + vlosi
zi � z0
ri

(4.15)

where vlos is the velocity along the line-of-sight

vlos =

�
vxi +

xi � x0
ri

�
+

�
vyi +

yi � y0
ri

�
+

�
vzi +

zi � z0
ri

�
(4.16)

with
ri =

q
(xi � x0)2 + (yi � y0)2 + (zi � z0)2: (4.17)

Thus the complete AGN All-Sky survey was constructed and the selection func-
tion worked out for the ROSAC sample could be applied in order to get simu-
lated AGN samples. A window having the same size (8h � � < 11h, 45Æ � Æ
58Æ) as the UMa area was projected on the All-Sky survey and the function N(z)
was used to �lter out 161 objects in the redshift range 0.1< z <0.5. Rotating
the All-Sky survey about one of the axis by a random angle �, makes it possi-
ble to extract several AGN samples from the simulated catalogues in a random
way. For �ve di�erent angles 20 samples from the biased as well as the unbiased
simulated catalogue were taken by means of the selection functions for the UMa
region, each comprising of 161 objects. For these simulated samples (100 for
both types of simulations) the 2-point correlation function was calculated by
comparison to 10,000 random samples as it was done before for the real sample
(s. chapter 4.2). Since the standard estimator DD(r)/RR(r) was only applied,
the cross-term DR(r) has not been taken into account. The results on scales
r<10h�1Mpc �t well to a power-law with r0=3.2-3.3h

�1Mpc for the unbiased
simulated catalogue, and r0=5.0-6.5h

�1Mpc for the biased one, using 
=1.8 in
both cases. The linear bias parameter, b, is de�ned as

�AGNs(r) = b2�mass(r); (4.18)

where �mass(r) is given by the clustering of the dark matter particles, which
is exactly the population of the unbiased simulated catalogue. Adopting a
correlation length of 7h�1Mpc for the soft X-ray selected AGN sample yields
bX�ray �1.5. The upper and lower limits for the bias parameter can be taken
from the error (�2) of the AGN correlation length as blow �1.2 and bup �1.7.
In a last step, the simulated AGN catalogues are used to apply the MST tech-
nique for all 100 samples of each catalogue. The distribution of the averaged
number of structures with at least �ve members as a function of the separation
distance is shown in �gure (4.12). The biased samples peak at the signi�cantly
smaller separation distance of 41h�1Mpc, in contrast to the unbiased sample,
that has a maximum at 48h�1Mpc. The interesting quantity is the number
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of signi�cant superstructures (at least on a 2 � signal) in the random samples.
Therefore, some constraints concerning the identi�cation of superstructures has
to be de�ned as only structures with extensions less than 200h�1Mpc in all of
the three axes (�; Æ; z), and angular extensions less than 15Æ in � and 10Æ in Æ
are selected. The angular selection is chosen in order to avoid boundary e�ects
on more than one edge of the window of the UMa area. The total number
of signi�cant superstructures amounts to 39 in the biased samples and 27 for
the unbiased catalogue, which is expected, since the biased samples consists of
more strcutures at lower separations (�g. 4.12) and a biased population is by
de�nition more clustered than an unbiased one. This result suggests that the
probability of �nding superstructures depends on how strong the considered
population is biased with respect to the dark matter content of the Universe.
The more biased the population is the more superstructures are likely to be
found. The bias characteristic of the real sample in UMa resembles the one
of the biased simulated AGN catalogues, which implies that superstructures
should appear in both samples with a similar probability at the peak of their
distribution of number of structures over separation distance. From the biased
samples the probability P is given by the occurrence of 39 events out of 100. The
non-detection of any signi�cant superstructure in the real sample is consistent
with P�0.4.

Figure 4.12: The averaged number of superstructures in the unbiased (solid line)
and biased samples (dotted line) are shown. Both peaks of the distributions
is outlined and the corresponding quantities are given in the panel, where the
subscripts u and b denote the unbiased and biased catalogue, respectively.
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0.1-0.2 0.2-0.3 >0.3 N5 N�10 Nmax Ntot

Nbiased 26 13 0 7 19 20 39
Nunbiased 7 16 4 10 4 19 27

Table 4.8: The number of structures in the biased and unbiased simulated cata-
logues. The redshift range is divided into three bins: 0.1-0.2, 0.2-0.3, and >0.3.
The number of structures comprising 5 (N5), more than or equal to 10 (N�10)
members are depicted as well as the largest structures having Nmax member and
total number of signi�cant structures (Ntot).



Chapter 5

Discussion

For an understanding of the evolution of AGN clustering as well as the formation
of large-scale structures and/or superclusters traced by AGNs, many points
have to be regarded, so that the emerging image is increasingly complex. The
goals of ROSAC project were focused on low-redshift AGNs (z<0.5), which
was an advantage for the optical follow-up observations, since fainter AGNs are
still visible with small telescopes in this redshift range. The incorporation of
theoretical ideas is much more complicated here due to the fact that the density
�eld is by far out of the linear stage. Moreover, the reignition of numerous low-
redshift AGNs is apparently triggered by the process of minor merging, that is
hardly visible and still hidden, so that assumptions about merging rates are no
predictable.

5.1 AGN clustering

A complete understanding of the AGN nature is heavily linked to the processes
of galaxy formation and evolution. Speci�cally, the formation of galaxies and/or
AGNs has been a matter of debate for years and is hardly known yet. Within
the last decade it became observationally clear that the clustering properties of
AGNs evolve with time, although the exact clustering evolution has not been
resolved completely. The bias of AGNs with respect to the spatial distribution
of the dark matter content of the Universe could give deeper insights into the
evolution of AGNs and their origin.

5.1.1 Clustering properties of AGNs

The potential of clustering analyses have been outlined in two recently submit-
ted studies (Martini & Weinberg 2000 and Haiman & Hui 2000) on the connec-
tion between the clustering and lifetime of AGNs. The authors found results
consistent with an AGN lifetime of about 5�107 years, assuming a correlation
length r0 �8h�1Mpc at z�2-3. For this work the extended Press-Schechter ap-
proximation was used in order to estimate the number density of halos forming
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via the process of major merging (Bond et al. 1991 and Lacey & Cole 1993).
Unfortunately, this idea cannot be projected to smaller redshifts, where linear
theory begins to fail and the dominantly existing low luminosities AGNs are
most likely not the product of a major merging process.

The discovery of a close pair of z=4.25 AGNs from the SDSS (Schneider et
al. 2000) makes it believable that AGNs cluster extraordinarily strong at high-
redshifts. The AGN pair has a separation of 1.1 Mpc in comoving coordinates.
The authors postulate that the correlation length r0 would be between 12 and
30h�1Mpc at that redshift under the assumption that such an AGN pair occur
in only 1% of the sky.

The idea of clustering, that starts with a large signal at high-redshifts, is based
on the biased galaxy formation scenario, i.e. galaxies form predominantly at
sites where the mass density was high along the very highest ridges of large-
scale density enhancements. The evolution of the clustering was studied in dark
matter N-body simulation (Bagla 1998, Brainerd & Villumsen 1994). Towards
lower redshifts, smaller peaks that are farther out of the large-scale density
enhancements collapse and form galaxies and AGNs, resulting a in less clustered
population. At a later time, when the formation of objects due to collapsing
dark matter halos ceases, graviation will drive the galaxy/AGN population
to a more clustered state. The minimum of the clustering is expected to be
somewhere between z=1-2.

The outlined clustering evolution of dark matter halos has to be compared with
galaxies and AGNs. A known bias parameter of these objects as a function
of redshifts could help to derive the clustering directly from dark matter N-
body simulations. However, the real bias parameter is a function of the mass
too, which can be hardly determined from observations. The mass of AGNs
is governed by the process of their formation, which in turn depends on the
cosmological environment of AGNs. Since there is no way to determine the
evolution of the real bias parameter so far, the clustering properties have to be
derived directly from well de�ned samples in a costly manner. A complete list
of investigations of the AGN clustering signal is presented in chapter 1.4 and
table 1.1. A plot of r0 as a function of redshift with 1 � poissonian errors is seen
in �gure 5.1 At a �rst glimpse on the clustering data, the evolutionary behavior
of the AGN population does not seem to be consistent with the results of dark
matter N-body simulation, unless AGN bias is a strange function of redshift and
mass. But there is undoubtedly evidence of a large and increasing clustering
signal from the PTGS at z>2 (Kundi�c 1997 and Stephens et al. 1997), whereas
the results at low redshifts z<0.5 di�er signi�cantly from each other, if the
result from the H� selected sample of Sabbey et al. (2000) is real. The ROSAC
result is consistent with the clustering amplitude determined from the IRAS
PSC AGNs (Georgantopoulos & Shanks 1994). The clustering in the LBQS
survey (Croom & Shanks 1996) at z�1.5 is consistent with the optical survey
of La Franca et al. (1998). These results would match perfectly to the dark
matter N-body simulations, if the work of Kundi�c 1997 underestimated the
AGN clustering signal. This is likely, since the considered redshift range in his
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Figure 5.1: The correlation length as a function of redshift gives an idea of
the clustering evolution. The results of totally seven AGN clustering explo-
rations are printed: �lled dot (ROSAC), small cross (IRAS), small cross with
bar (H� survey), three large crosses (optical survey of La Franca et al.), dia-
mond (LBQS), triangle (PTGS, Kundi�c), and big square (PTGS, Schneider et
al.).

investigation is 0.7-4.7, so that the clustering is averaged over this range. The
author found that the clustering amplitude ratio of the high- and low-redshift
subsamples is �(z > 2)=�(z < 2)=1.8, which suggests that the correlation length
for the high-redshift subsample should be �10h�1Mpc. The critical redshift,
where the correlation length has a minimum is then obviously located around
z�1. A strong growth towards larger redshifts and a slower development, even
if the result of Sabbey et al. is taken into account, towards smaller redshifts
evidently occurs.

The ROSAC clustering study strengthens the formerly determined correlation
length of IRAS AGNs at low redshifts. Moreover, the clustering evolution
scenario, which is based on dark matter N-body simulations, provides a good
�t to the observations over the whole available redshift range [0,4]. Future work
should investigate the missing and highly interesting redshift range z�0.5-1.5 in
order to assess the minimum clustering signal, where the formation of galaxies
and AGNs in the peaks of the density �eld ceases and gravitation becomes the
motor of the growth of structures in the Universe.

Another interesting result pertaining the small-scale clustering is a study of the
�eld X-ray source population from the Chandra X-ray Observatory in 4 di�erent
�elds (Cappi et al. 2000). Two of them point towards two clusters of galax-
ies (3C295 and RXJ003033.2+261819 with z=0.46 and z=0.5, respectively),
whereas the other two were non-cluster �elds. The source surface densities
around the two clusters exceeded by a factor of two the value expected from
logN-logS from ROSAT and Chandra. In comparison to the two non-cluster
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�elds no signi�cant excess was found. Further determination of the redshifts of
AGN candidates could reveal the �rst enhanced density of AGNs in the outer
skirts of a cluster of galaxies. These objects have expected X-ray luminosities
of the order of 1042�43erg s�1 with faint optical B magnitudes >19.0. Dressler
et al. (1999) measured a frequency of AGNs in one of these clusters that is 10
times larger than in other distant clusters. If this work was supported by the
�nding of more low luminosity AGNs in the outer skirts of clusters of galaxies,
the signal of the 2-point correlation function would rise considerably on small
scales (r �1-2h�1Mpc).

5.1.2 Cosmological environments of AGNs

Studies of AGN environments by means of imaging surveys gave rise to some
contradictory results at low redshifts, where the AGN population is dominated
by the less luminous Seyfert galaxies. Conversely, good agreement among the
published investigations has been achieved at larger redshifts (z>0.6). The
environments of radio-loud and radio-quiet AGNs di�er from each other in
the sense that radio-loud AGNs reside in richer environments than radio-quiet
AGNs (Yee & Green 1984, Yee 87 1987, Ellingson et al. 1991, Hintzen et
al. 1991, Yee & Ellingson 1993, Boyle & Couch 1993, Smith et al. 1995,
Hall & Green 1998, Croom & Shanks 1999, S�anchez & Gonz�alez-Serrano 1999,
Smith et al. 2000, Wold et al. 2000). However, in the low-redshift regime the
environmental di�erences of radio-loud and radio-quite AGNs disappear (Fisher
et al. 1996, Bahcall et al. 1997, McLure & Dunlop 2000). The preferred AGN
environments are generally groups of galaxies with up to 20 galaxies, poor
clusters (R=0), and sometimes denser or richer regions like clusters of galaxies
with richness R�1. This paradigm reconciles well with most of the published
explorations as long as AGNs that do not belong to density enhancements
(superstructures, AGN groups) are considered. Studies of the environments
of members of such AGN groups show that the di�erence between radio-loud
and radio-quiet AGNs evaporates even at high redshifts, which is, of course,
expected for a density enhancement. This implies that the �rst question we
have to pose in the framework of environmental studies of AGNs is whether
the considered AGN is a member of a superstructure or not. If yes, the same
environments for all AGN types is expected; if no, the earlier mentioned results
apply.

At low redshifts early studies found an excess of neighbors around Seyfert
galaxies (Petrosian 1982, Dahari 1984 and MacKenty 1989) in comparison to
non-active galaxies. However, Fuentes-Williams & Stocke (1988) found only a
marginal excess of companions. Contradictory results regarding the environ-
ments of Seyfert 1 and Seyfert 2 galaxies have emerged. According to Pet-
rosian, MacKenty, Laurikainen & Salo (1995), De Robertis et al. (1998), and
Dultzin-Hacyan et al. (1999) Seyfert 2s have more neighbors than Seyfert 1s,
whereas Dahari and Rafanelli et al. (1995) found no signi�cant di�erences be-
tween them. One of the major problems for such studies is the selection of a
comparison sample of normal galaxies.
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BL Lacs environments were studied by Wurtz et al. (1997), who detected an
enhanced density around 45 BL Lacs at z<0.65. The typical environment of
BL Lacs are poor clusters, only 6 objects of the entire sample were found in
clusters with richness class >1. Expectedly, BL Lacs exhibit similar cluster-
ing environments as radio-loud AGNs, even with a signi�cant increase of the
clustering environment with increasing redshift.

The conclusion is that AGNs are located preferentially in groups of galaxies
or poor clusters (R=0), and only few of them reside in denser environments
with R>1. The studies of the Seyfert environments are still a contentious issue,
although most of them showed at least a marginal density enhancement around
Seyfert 2 galaxies with respect to Seyfert 1 galaxies. If this is true, the Uni�ed
Model (Antonucci 1993), that states a direct view on the central engine (face-
on) leads to the appearance of broad-line Seyfert 1 galaxies and the orthogonal
view to this axis (edge-on), which is obscured by material, provides a Seyfert
2 galaxy, is called into question in its simplest form. At least a more complex
revision of the Uni�ed Model is required in order to match the environmental
studies of AGNs; perhaps an evolutionary sequence between Seyfert 1 and 2 as
proposed by Maiolino et al. (1995) would help. Finally, three scenarios based
on studies of the cosmological environments of AGNs are presented: (1) The
obscuring torus scenario (Dultzin-Hacyan et al. 1999) predicts an obscured
broad-line region, since more companions around Seyfert 2s lead to a higher
interaction rate between the AGN and the surrounding galaxies, which in turn
enhances the star formation and drives molecular gas toward the center of
the galaxy. Therefore all interacting Seyfert 2s should be obscured Seyfert
1s. (2) The interaction hypothesis (De Robertis, Yee & Hayhoe 1998) is based
on the idea that tidal interactions trigger activity in galactic nuclei. Since
di�erent classes of AGNs prefer discordant environments it might be that not a
single mechanism is responsible for activity. On the other hand, minor mergers
may play a dominant role in low-luminosity AGNs. (3) The simple interaction
hypothesis (Taniguchi 1999) argues that Seyfert galaxies possess a statistically
signi�cant excess of faint (MV >-18) satellite galaxies leading to minor mergers.
The majority of minor mergers may be observed as ordinary galaxies without
bars or any signs of distortion. Seyfert galaxies can be explained by minor-
merger-driven fueling.

5.1.3 Groups of Galaxies

According to the studies of the cosmological environment of AGNs it seems that
groups of galaxies are generally the preferred location for low-redshift AGNs.
The low velocity dispersion of their member galaxies supports interactions be-
tween them, which means that groups of galaxies should be places in the Uni-
verse where tidal interactions (mergers) occur frequently. Consequently, AGNs
should be found in groups of galaxies and trace the same large-scale structure
as groups of galaxies, which implies that AGN correlations would be due to the
groups (their parent population). Bahcall & Chokshi (1991) suggested that op-
tically selected quasars are located in groups of galaxies, whereas radio-selected
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quasars reside either in richer groups or clusters of galaxies. Both results are
consistent with observations of quasar environments and the universal richness-
dependent cluster correlation function (Bahcall & Soneira 1983). The easiest
way to perform a consistency check as to whether groups of galaxies are the
parent population of the majority of low redshifts AGNs is to compare the
clustering properties of both classes. The only published investigation of the
clustering of groups of galaxies found a correlation length r0=8�1h�1Mpc (Gi-
rardi et al. 2000), which is in excellent agreement to the ROSAC clustering
result. This is a further proof, that groups of galaxies are the preferred loca-
tions of AGNs, particularly Seyfert galaxies, in the low redshift Universe.

What else do we know about groups of galaxies? A dense agglomeration of
�ve galaxies, known since it was observed by Stephan (1877) and �nally called
Stephan's Quintet, was the �rst example of a compact group of galaxies. Hick-
son (1997) worked out a list of criteria to constrain the selection of compact
groups. Hence, these groups are called Hickson Compact Groups (HCG). They
consist of about �ve galaxies placed in a small isolated system. Initially, it was
proposed, due to the lack of redshifts, that those groups were �laments seen
edge-on (Ostriker, Lubin & Hernquist 1995). Meanwhile, most of the HCGs
have been con�rmed as real groups. The relatively large volume density and
the existence of common halos for many compact groups (Ponman & Bertram
1993) as well as a low velocity give rise to a high interaction probability. The
merging of all members of the group does not seem to be a surprise, and would
form a massive merger remnant. Two such fossils have been reported by ob-
servations in X-rays and optical so far: RXJ1340.6+4018 (Ponman et al. 1994)
and NGC 1132 (Mulchaey & Zabludo� 1999). The question remains whether
AGNs are really linked to compact groups of galaxies. Many HCGs do indeed
contain starburst galaxies and/or AGNs. An extreme example is HGC16, that
harbors a Seyfert 2 galaxy, two LINERs, and three starburst galaxies (Ribeiro
et al. 1996). In an examined sample of 17 HCGs (Coziol et al. 1998) a
signi�cant fraction of galaxies display AGN activity. About half of the spectro-
scopically determined AGNs belong to low-luminosity AGNs (Seyfert 2 galaxies
and LINERs). This analysis has been recently con�rmed by a more extensive
examination of 49 compact groups (Coziol et al. 2000). Another investigation
claimed that no statistically signi�cant di�erence in the occurrence of emission-
line galaxies between HCGs and the �eld exist (Shimada et al. 2000). The
fate of the HCGs are the evolution towards luminous or ultraluminous infrared
galaxies via multiple mergers (Borne et al. 2000), quasars (Sanders et al. 1988)
or even elliptical galaxies (Nishiura et al. 1997). Even though indications
emerge from observational studies that compact groups harbor AGNs and star-
burst galaxies, it is not yet clear if the triggering of nucleus activity is directly
linked to the environment of compact groups.

The monster V Zw 311

An excellent target of an ongoing interacting system and future merger is the
poor cluster or group of galaxies V Zw 311 (Zwicky 1971, also known as Abell
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407 (Abell 1958). This nightmarish monster, as Struck (1999) called it in his
review about Galaxy collisions, is a multiple-nucleus system consisting of 9
galaxies. The redshift of the group was explored by Peterson (1970) and Trevese
et al. (1997), who observed 3 nuclei and later by Schneider & Gunn (1982),
who studied the entire group giving z=0.047 for the core of V Zw 311. Stripped
material from the group members is responsible for the envelopes (�g. 5.2),
which de�ne its boundaries to be in a radial distance of about 10 kpc from the
center.

Figure 5.2: Contour plot of the direct image of V Zw 311 exposed for 180s with
a Johnson R �lter. The envelope of the group is visible. North is at the top,
and East to the left.

V Zw 311, 3h 1m 51.5s +35d 50m 30s, z=0.047

Own observations of V Zw 311 were made the 18th of March 2000 at the
Calar Alto Observatory. For this purpose, spectroscopy of four objects and a
direct image in the R-band were obtained at the 2.2m telescope furnished with
CAFOS. The best of the four spectra is shown here. None of them reveal any
signs of nucleus activity, so that they have to be classi�ed as normal galaxies.

What is the fate of V Zw 311? Without any doubts this group of galaxies will
evolve towards a heavily interacting system, that will merge into a cD galaxy
during its �nal stage. This procedure will take a few billion years, meanwhile
induced gravitational instabilities or merging could trigger AGN activity in the
future. All nuclei seen within the envelope are trapped and will be victims of this
unavoidable development. The origin of such an assembly of galaxies is at most
poorly understood. A giant galaxy, perhaps two merged galaxies, may capture
some smaller surrounding or encountering galaxies almost simultaneously. Now
dynamical friction comes into the game and controls the evolution of the group.
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Figure 5.3: This spectra comes from the bright nucleus that has a satellite
system as companion. The redshift measured due to absorption of Mg at �5416
and NaI-D at �6170 is 0.047, which corresponds to earlier investigations, and
the exposure time was 600s.

5.1.4 AGN fueling and merging

A still unsolved problem is how the supermassive black hole in an AGN is
fueled. The most promising mechanisms suggested that could remove angular
momentum from the host galaxy's gas and pump the fuel into the inner region
in order to achieve the observed luminosities of AGNs are tidal interactions
(Toomre & Toomre 1972) and stellar bars within the galaxy (Schwarz 1981).

The search for bars within AGNs has revealed few indications of a relation
between their existence and nucleus activity. Martini & Pogge (1999) found 5
nuclear bars among a sample of 24 Seyfert 2 galaxies. This result is in good
agreement with ground-based (Mulchaey & Regan 1997) and Hubble Space
Telescope observations (Regan & Mulchaey 1999). Consequently, only a mi-
nority of Seyfert galaxies is furnished with large-scale stellar bars. Likewise,
small-scale bars as predicted by the bars within bars scenario (Shlosman, Frank
& Begelman 1989) are ruled out by observations (Martini & Pogge 1999). In-
stead, the same authors �nd a common morphological feature in the center of
AGNs to be dusty nuclear spirals, that have been observed in normal spiral
galaxies before (Phillips et al. 1996) as well as in Seyfert galaxies (Quillen et
al. 1999; Regan & Mulchaey 1999). Nuclear spirals are probably formed by
shocks propagating in the disk. In this frame, AGN fueling occurs in a two-step
process: (1) interactions and large-scale stellar bars can remove angular mo-
mentum from the gas and drive it into the inner hundred parsecs of the AGN,
where it is assembled in a nuclear disk, and (2) from here shocks or other hydro-
dynamic e�ects funnel the fuel into the inner region, where the supermassive
black holes capture the gas.
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Observational investigations, as mentioned above, indicate that even though
stellar bars play certainly a role in fueling AGNs, most of the AGNs are likely
ignited by interactions. As Hernquist & Mihos (1995) and Mihos & Hernquist
(1996) demonstrated by the means of N-body simulations mergers (major or
minor) supply enough gas to fuel an AGN. However, the more luminous AGNs
are presumably produced by major mergers ending up in elliptical systems
(Hernquist & Barnes 1991), whereas the low-luminosity AGNs, namely the
Seyfert galaxies and LINERS (spiral galaxies mainly), are generated by minor
mergers. The problem for the minor merger scenario is that these interactions
between the host galaxy and the satellite system (dwarf galaxy) are hardly
recognizable, then a considerable amount of Seyfert galaxies show little or no
evidence for a recent merger. The typical timescale for completion of a minor
merger is of the order of �109yr, which may be enough time to smear out the
relics of such a process. Therefore, ordinary-looking galaxies could have had a
minor merging occurrence (Walker, Mihos & Hernquist 1996).

How does the cosmological environment in
uence merging events? Gottl�ober,
Klypin & Kravtsov (2000) performed N-body simulation in order to �nd answers
to the posed question. Galaxies are formed via merging and accretion of small
objects according to hierarchical scenarios. Their result suggests that merging
occurs predominantly in clusters and groups of galaxies at z>2, whereas at lower
redshifts (z<1) mergers develop a predilection for groups as their environments.
At that redshifts the merger rate of isolated halos is three times larger than that
of cluster halos, and the merger rate of halos that have its �nal stage in groups
of galaxies are about a factor of 1.5 less frequent than isolated merger halos.
Hence, major merging happens chie
y between �eld galaxies at low redshifts
producing the few known bright elliptical AGNs. Conversely, major mergers in
groups or cluster becomes more and more unlikely at z<1, which demands a
further mechanism for the ignition of low luminosity AGNs.

5.1.5 Ultraluminous infrared galaxies - AGNs

Ultraluminous infrared galaxies (ULIGs) have been suggested to be
dust-enshrouded AGNs, that are triggered by strong interaction/mergers of
two gas-rich spirals (Sanders et al. 1988; Norman & Scoville 1988; Taniguchi,
Ikeuchi & Shioya 1999). This is based on the arguments that (i) the bolometric
luminosities of ULIGs are comparable to those for AGNs �1012L�, (ii) their
luminosity function is similar to that of AGNs (Soifer et al. 1987), and (iii)
nearly 100% of the ULIGs tunred out to be galaxy mergers (Sanders & Mirabel
1996). Blain et al. (1999) found that about 80% of the total amount of energy
generated in merger-induced starbursts/AGNs is released in the far-infrared
waveband. That is why future infrared missions like SIRTF and NGST are
urgently needed in order to solve some problems in the AGN-starburst connec-
tion.

Taniguchi, Ikeuchi & Shioya (1999) discussed whether a supermassive black
hole (SMBH) with a of mass �108M� can grow in ULIGs in order to form
AGNs. If the progenitor galaxy already had a SMBH, it would reach masses of
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the order of 108M� during the course of a merger due to eÆcient gas accretion.
Even if the progenitor galaxy had no SMBH, star clusters could form a SMBH
with �108M�. The only requirement for the latter case is that the star clusters
contain compact remnants like neutron stars or black holes. Thus, more and
more arguments are be gathered that corroborate Sanders' idea of a sequential
evolution from ULIGs towards AGNs via the process of a merger or interaction.

Interestingly, the �rst high-redshift pure starburst submilimeter galaxy was
found using the Submm Common-User Bolometric Array (SCUBA) (Ivison et
al. 2000). This galaxy turned out to be involved in an interacting system at
z=2.56. The abovementioned discovery gives con�dence that future missions
will disentangle some problems even at high redshifts as previously thought.

A further piece to this big puzzle was provided by Borne & Colina (2000), who
found evidence for multiple mergers among ULIGs and suggested that their pro-
genitors are compact groups of galaxies. Finally, an evolutionary sequence from
compact groups of galaxies to ULIGs to AGNs will be discussed in the future.
One problem still remains, since the AGNs generated by the major merging pro-
cess in ULIGs will predominantly evolve into elliptical (host) galaxies. However,
the observations of low luminosity AGNs at low redshifts show mainly spiral
galaxies, which is in contradiction to the above scenario. Subsequently, the
minor merging scenario as discussed earlier is needed in order to explain the
AGNs in spiral host galaxies.

A starburst in the intragroup medium of the compact group of galaxies known
as Stephan's Quintet was detected by Xu, Sulentic & Tu�s (1999). The authors
reportedly suggested a new mechanism for inducing starbursts as being caused
by a collision between a high-velocity (Æv � 1000 kms�1) intruder galaxy and
the intragroup medium. Such a kind of interaction is probably rare in the
local Universe, however, at high redshifts collisions between galaxies and cold
intracluster medium may be frequent, due to the larger �lling of clusters with
cold gas.

5.2 Superstructures in the Universe

Within the two last decades, a few superstructures formed by less than 20
AGNs, therefore called AGN groups, were detected by means of statistical
tools, that compare the considered sample with random samples. Physically,
there have always been contentious discussions about the nature of such large
structures. Speci�cally, the acceptance of superstructures as more than chance

uctuations is a matter of debate. The emergence of imaging surveys of faint
galaxies within the last years made it possible to seek for the underlying density
�eld around members of AGN groups. The main target has been the largest
known AGN group (Crampton et al. 1989) having 23 members at z�1.1. Sev-
eral investigations found evidence for a signi�cant clustering signature of chie
y
faint red galaxies around some selected AGNs of this group (Hutchings, Cramp-
ton & Persram 1993; Hutchings, Crampton & Johnson 1995; Yamada et al.
1997; Tanaka et al. 2001). At �rst Hutchings et al. proposed that these AGNs



5.2. SUPERSTRUCTURES IN THE UNIVERSE 95

are located in compact groups of starbursting galaxies, which would imply that
the members of AGN groups are located in isolated associations and not neces-
sarily that AGNs and galaxies trace the same underlying large-scale structure.
Further evidence for clustering of faint galaxies around AGNs that are members
of AGN groups was reported by Haines & Clowes (2000), who found an 3.5�
overdensity of galaxies around one member of the Clowes & Campusano (1991).

Another method to search for an overdensity around AGNs is to carry out a
survey for MgII absorbers in order to probe halo gas from surrounding galaxies.
Williger, Campusano & Clowes (1999) obtained 23 spectra of AGNs that are
located in the back ground of Clowes-Campusano group. The authors found
a 2.7� excess of MgII absorbers in the main body of the group indicating the
enhanced density of this sturcture.

Most AGN groups have been detected at larger redshifts (z>0.6) and subse-
quent imaging of some members of these groups was performed solely at higher
redshifts. Notwithstanding, if these superstructures were real associations they
should be observed at lower redshifts as well. The �nding of two new AGN
groups within the ROSAC project underlines the existence of superstructures
over the entire available redshift range from 0.2, where galaxy redshift surveys
usually stop, to 2.0, which is the upper distance of the formation of superstruc-
tures. An even earlier formation of such large-scale sturctures would challenge
the cosmological models and are not expected.

Concerning the space density of superstructures, it can be concluded, that about
2770 should populate the Universe (whole sky and 0<z<2). This simple esti-
mation was derived from the �nding of two AGN groups in the ROSAC project
in a volume of V�4.45�108h�3Mpc3. The entire sky covers a surface of about
41,253 deg2, so that the UMa region makes �0.88% of it. The expected number
of superstructures based on results from ROSAC are not compatible with the-
oretical estimations (s. chapter 1), where 150 in a CDM model and �700 in a
MDM model are suggested. There are two possible explanations: (1) the chosen
area in UMa contains above average superstructures at low redshifts and (2) for
the determination of the totally expected number of AGN groups no evolution
was assumed, which could be inverse to the typical evolution of the 2-point
correlation function. Consequently, the space density of superstructures would
increase towards lower redshifts. This idea is not that strange, because AGNs
producing the signal in the two-point correlation function at high redshifts were
born in the largest density peaks. As time goes by, these pairs accumulate more
and more neighboring galaxies and/or AGNs via further collapses of dark mat-
ter halos and gravitation. Finally, the dense AGN pairs at high redshifts would
appear as superstructures at a later time as well as the AGN groups that have
already been a superstructure at higher redshifts. Further support was given
by Komberg, Kravtsov & Lukash (1996), who derived the number density of
superclusters to be �1.4�10�7h3Mpc�3. Their estimation is based on the �nd-
ing of eight rich superclusters (Einasto et al. 1984) consisting of more than
10 clusters of galaxies. If this density value was taken into account the total
number of expected superstructures would be �9500 in the same volume as
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used above. This overestimation is evident to an increase of superstructures
towards lower redshifts, which supports the idea of Komberg & Lukash (1994),
that AGN groups are the progenitors of Great-Attractors in the local Universe.



Appendix A

Cosmological distances and

volumes

A general relation between the redshift and comoving distance was given by
Mattig (1958), called metric distance

dm =
c

H0q20(1 + z)2
[zq0 + (q0 � 1)(�1 +p2q0z + 1)]; (A.1)

where c is the speed of light, H0 denotes the Hubble constant, and q0 represents
the deceleration parameter, which is q0 = 3
m=2 � 1 for a standard (matter-
dominated) Universe (
� = 0). The distance R between two cosmological
sources is given by (Weinberg 1972)

R =
q
D2d2m2 + d2m1 � 2Ddm1dm2cos�; (A.2)

where � is the angle between the sources seen from the observer and

D =

sq
1� kd2m2 +

dm2

dm1
cos�[1�

q
1� kd2m1]: (A.3)

For k=0 and q0=0.5 the distance R is reduced to cosine rule, since D=1. In the
following table some metric distances dm for certain redshifts are shown using
equation A.1 and the distance R for the cosine rule of two sources separated by
an angle � = 10Æ having the same redshift z.

Redshift z 0.1 0.2 0.3 0.4 0.5 1.0 2.0 3.0
dm[h

�1Mpc] 279 523 738 929 1101 1757 2536 3000
R(� = 10Æ) 49 91 129 162 192 306 442 523

In the nearby Universe it is more common to use velocities as distance indica-
tors: v=H0rHubble, v=cz. The simple Hubble relation v=H0rHubble works well
up to redshift z�0.15, where the deviation from the metric distance reaches the
5% border.
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v[km/s] 1,000 3,000 5,000 10,000 20,000 30,000 45,000
Redshift z 0.003 0.010 0.017 0.033 0.067 0.100 0.150
rHubble[h

�1Mpc] 10 30 50 100 200 300 450
dm[h

�1Mpc] 10 30 49 98 191 279 405

The luminosity distance dL is related to the metric distance by

dL = (1 + z)dm; (A.4)

whereas the angular distance da is

da = dm=(1 + z): (A.5)

Another useful quantity is the lookback-time �(z), which is the di�erence of
the age of the Universe today t0 and at a given redshift t(z). In an Einstein-de
Sitter Universe (q0) it is simply de�ned as

�(z) =
2

3H0

�
1� 1

(1 + z)3=2

�
: (A.6)

Some scalings of cosmological parameters (Peacock 1999):

H(z) = H0(1 + z)
p
1 + 
z (A.7)


(z) =

m(1 + z)

1 + 
mz
(A.8)

q(z) =
q0(1 + z)

1 + 2q0z
(A.9)

The comoving volume element is de�ned as

dV

dz
=

d2LcdzÆ


H0(1 + z)3
p
1 + 2q0z

; (A.10)

where Æ
 is the solid angle. For a given redshift z
0

the comoving volume has to
be calculated as

V (z
0

) =

Z z
0

0

d2Lcdz

H0(1 + z)3
p
1 + 2q0z

: (A.11)



Appendix B

Lists of X-ray sources

An overview of the content of the ROSAC project in the Ursa Major area is
presented in four tables:

1. AGNs (N=265)

2. Galaxies (N=11)

3. Stars (N=24, of which two are Cataclysmic Variables (CVs))

4. AGN candidates (N=74, of which four are BL Lacs)

The columns are labeled as follows:

RX name - X-ray name from ROSAT
�2000 - Right ascension in equinox 2000
Æ2000 - Declination in equinox 2000
z - Redshift
B - Apparent magnitude in the Johnson B-band
NH - Hydrogen column densities [1020cm�2]
fx - X-ray 
ux [10�12 ergcm�2s�1]
logLx - logarithmic X-ray luminosity in the energy band 0.5-2.0 keV [h�2erg/s]
MB - Absolute B-magnitude
Cat - Flag, that is referred to the origin of the redshift
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The Flag, that is printed in the left column of the table below, denotes at what
telescope and when the X-ray source was observed. The sources with a 
ag of 1,
2 or 40 have been observed before the ROSAC project was launched. Sources,
that were taken from the NASA Extragalactic Database (
ag 2), may have also
been observed during the performance of ROSAC.

Note, that the X-ray 
uxes in the table of the AGN candidates were derived
supposing the candidate is indeed an AGN, otherwise the value is wrong.

1 Hamburg Quasar Survey

2 NASA Extragalactic Database

3 Calar Alto (2.2m telescope)

30 Bade & Beckmann, Feb. 1998, 3.5m
31 2.2m Nov. 1997
32 2.2m Sep. 1998
33 2.2m Mai 1999
34 2.2m Nov. 1999
35 2.2m Mar. 2000
4 Xinglong station (2.16m telescope)

40 already observed
41 Jan. 1998
42 Apr. 1998
43 Oct. 1998
44 Nov. 1998
45 Jan. 1999
5 OHP (1.93m telescope)

51 Apr. 1998
52 Mar. 1999
6 SAO (6m telescope)

61 Apr. 1998
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RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ08013+4827 08 01 18.4 +48 27 23 0.428 16.9 3.504 0.682 44.203 -24.02 45

RXJ08015+4736 08 01 32.3 +47 36 18 0.158 15.8 3.831 4.103 44.074 -22.94 2

RXJ08017+5140 08 01 43.6 +51 40 39 0.193 18.7 4.204 0.559 43.388 -20.52 34

RXJ08023+4956 08 02 19.0 +49 56 16 0.527 18.6 3.854 0.269 43.992 -22.81 33

RXJ08029+4909 08 02 59.0 +49 09 29 0.813 18.7 3.638 0.345 44.509 -23.66 33

RXJ08038+4610 08 03 47.9 +46 10 18 0.514 18.4 3.884 0.364 44.100 -22.96 45

RXJ08044+4917 08 04 24.0 +49 17 04 0.170 19.0 3.617 0.877 43.470 -19.89 52

RXJ08051+5240 08 05 07.6 +52 40 00 0.157 18.6 3.771 0.324 42.965 -20.13 52

RXJ08056+5431 08 05 34.6 +54 31 32 0.405 16.4 3.416 2.090 44.638 -24.39 52

RXJ08067+4841 08 06 44.0 +48 41 44 0.369 18.7 3.802 1.228 44.321 -21.91 33

RXJ08068+4855 08 06 50.1 +48 55 10 0.635 18.9 3.881 0.340 44.269 -22.93 33

RXJ08068+5643 08 06 50.7 +56 43 58 0.180 18.1 3.785 0.361 43.136 -20.93 52

RXJ08077+4518 08 07 43.4 +45 18 48 1.035 18.9 3.763 0.590 44.974 -24.01 45

RXJ08080+5436 08 08 02.7 +54 36 39 0.991 19.0 3.561 0.396 44.758 -23.80 33

RXJ08082+4752 08 08 14.9 +47 52 46 0.546 17.7 3.895 0.427 44.227 -23.79 45

RXJ08087+4949 08 08 41.7 +49 49 55 1.430 18.8 4.235 0.274 44.951 -24.87 2

RXJ08088+5451 08 08 47.4 +54 51 45 0.139 18.4 3.596 0.852 43.277 -20.04 52

RXJ08096+4852 08 09 35.2 +48 52 53 0.116 18.8 4.204 0.600 42.963 -19.30 45

RXJ08098+5218 08 09 49.0 +52 18 56 0.138 15.9 3.870 9.080 44.298 -22.55 2

RXJ08100+5025 08 10 02.7 +50 25 37 1.200 16.9 4.444 0.334 44.869 -26.40 2

RXJ08108+5013 08 10 54.8 +50 13 17 0.324 17.3 4.430 0.287 43.569 -23.08 1

RXJ08110+5714 08 11 00.8 +57 14 15 0.608 18.3 3.595 0.853 44.628 -23.41 34

RXJ08112+5730 08 11 10.2 +57 30 10 0.421 17.5 3.451 0.718 44.210 -23.38 33

RXJ08116+4831 08 11 36.0 +48 31 23 0.700 18.2 4.279 0.461 44.494 -23.88 2

RXJ08122+5717 08 12 09.7 +57 17 37 0.139 18.9 3.440 0.523 43.063 -19.53 52

RXJ08130+5017 08 13 00.0 +50 17 29 0.973 19.0 4.386 0.290 44.606 -23.83 34

RXJ08133+5415 08 13 13.0 +54 16 45 0.779 17.5 3.399 0.561 44.680 -24.74 35

RXJ08133+5012 08 13 18.5 +50 12 27 0.572 18.5 4.390 0.367 44.204 -23.14 34

RXJ08133+4608 08 13 19.4 +46 08 48 0.056 17.6 4.105 1.309 42.657 -18.90 1

RXJ08145+5610 08 14 32.9 +56 10 08 0.511 19.0 4.253 0.706 44.383 -22.38 2

RXJ08149+5325 08 14 56.0 +53 25 32 0.121 17.0 3.467 0.428 42.854 -21.13 1

RXJ08150+5252 08 15 01.8 +52 52 54 0.125 16.8 3.497 2.059 43.565 -21.40 1

RXJ08151+5408 08 15 09.3 +54 08 31 0.451 18.7 3.576 0.702 44.264 -22.34 31

RXJ08152+4604 08 15 17.0 +46 04 30 0.041 17.2 4.284 1.814 42.525 -18.63 2

RXJ08163+4735 08 16 17.6 +47 35 06 0.431 18.4 4.493 0.291 43.839 -22.62 2

RXJ08165+4933 08 16 30.8 +49 33 30 0.684 18.7 4.189 0.496 44.503 -23.32 34

RXJ08168+4953 08 16 51.8 +49 53 31 0.157 18.1 4.175 1.013 43.461 -20.66 41

RXJ08173+5202 08 17 18.7 +52 01 47 0.037 18.4 3.880 0.933 42.146 -17.17 1

RXJ08192+4817 08 19 16.3 +48 17 43 0.222 18.8 4.311 0.467 43.436 -20.74 31

RXJ08194+5223 08 19 28.5 +52 23 53 0.624 19.0 3.885 0.306 44.208 -22.79 2

RXJ08198+4953 08 19 49.2 +49 54 07 0.130 18.6 3.982 0.669 43.111 -19.73 31

RXJ08205+4853 08 20 28.1 +48 53 44 0.130 18.8 4.149 0.312 42.781 -19.54 2

RXJ08226+5419 08 22 36.8 +54 18 35 0.086 16.5 4.178 0.543 42.653 -20.94 2

RXJ08248+4732 08 24 51.2 +47 32 18 0.960 19.0 3.850 0.581 44.895 -23.75 2

RXJ08280+5149 08 28 02.1 +51 49 29 0.355 17.6 4.031 0.532 43.922 -22.95 1

RXJ08313+4500 08 31 17.9 +45 00 22 0.146 18.3 2.658 0.982 43.382 -20.17 31

RXJ08313+4831 08 31 21.0 +48 31 52 0.340 17.5 3.521 1.588 44.357 -22.91 1

RXJ08320+4614 08 32 02.2 +46 14 24 0.050 16.5 2.945 1.776 42.690 -19.65 1

RXJ08342+4914 08 34 17.9 +49 14 37 0.173 16.8 3.581 0.580 43.306 -22.12 31
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AGNs

RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ08391+5754 08 39 06.7 +57 54 16 1.534 17.3 4.107 0.286 45.039 -26.52 2

RXJ08398+4846 08 39 49.6 +48 46 59 0.040 16.4 3.171 4.515 42.899 -19.28 1

RXJ08400+5029 08 40 01.4 +50 29 44 0.276 19.0 3.074 0.354 43.514 -20.91 31

RXJ08424+5145 08 42 25.1 +51 45 00 0.790 18.4 2.789 0.302 44.425 -23.82 35

RXJ08425+4957 08 42 30.3 +49 58 02 0.305 17.8 2.873 0.421 43.681 -22.31 2

RXJ08432+5357 08 43 13.5 +53 57 17 0.218 17.1 2.845 0.729 43.614 -22.27 31

RXJ08451+5426 08 45 04.3 +54 26 10 0.300 18.9 2.752 0.510 43.749 -21.16 34

RXJ08486+4753 08 48 38.3 +47 53 18 0.187 17.8 2.550 0.361 43.170 -21.20 35

RXJ08489+5142 08 48 56.5 +51 42 25 0.287 19.0 2.629 0.800 43.904 -20.96 31

RXJ08493+5318 08 49 18.5 +53 17 26 0.112 19.0 2.500 0.698 42.997 -18.87 2

RXJ08518+5228 08 51 51.5 +52 28 23 0.064 17.6 2.417 1.591 42.860 -19.04 1

RXJ08535+5029 08 53 27.5 +50 29 36 0.495 17.8 2.326 0.424 44.131 -23.34 35

RXJ08546+5757 08 54 42.3 +57 57 29 1.322 17.8 4.069 0.284 44.892 -25.68 2

RXJ08549+5448 08 54 57.1 +54 48 19 0.255 18.9 2.369 0.507 43.598 -20.77 31

RXJ08552+5616 08 55 16.4 +56 16 58 0.442 17.8 3.149 0.321 43.906 -23.16 2

RXJ08557+4657 08 55 43.3 +46 57 38 0.090 18.2 2.277 0.715 42.814 -19.17 31

RXJ08565+5041 08 56 32.5 +50 41 12 0.235 16.3 2.114 0.333 43.342 -23.17 1

RXJ08574+4845 08 57 26.0 +48 45 19 0.406 19.0 2.221 0.660 44.139 -21.69 33

RXJ08574+5216 08 57 28.4 +52 16 34 0.273 18.8 1.878 0.660 43.775 -20.98 31

RXJ08578+4622 08 57 52.0 +46 21 53 0.559 17.2 2.073 1.505 44.796 -24.19 1

RXJ08582+4925 08 58 09.4 +49 25 46 0.168 18.5 2.174 0.269 42.946 -20.23 35

RXJ08583+5205 08 58 24.3 +52 05 39 0.089 18.1 1.889 0.824 42.865 -19.22 31

RXJ08585+4822 08 58 27.1 +48 22 52 0.470 18.8 2.124 0.335 43.981 -22.21 35

RXJ08594+4637 08 59 24.3 +46 37 16 0.962 16.9 1.949 0.587 44.901 -25.69 1

RXJ09002+5108 09 00 15.4 +51 07 58 0.125 17.5 2.064 1.665 43.472 -20.58 1

RXJ09003+5031 09 00 22.4 +50 31 36 0.149 17.7 2.067 5.311 44.133 -20.76 1

RXJ09006+5023 09 00 35.2 +50 23 39 0.208 17.5 2.020 0.266 43.132 -21.69 35

RXJ09016+5320 09 01 38.0 +53 20 50 0.162 17.6 1.647 2.827 43.934 -21.01 1

RXJ09030+4650 09 03 03.6 +46 51 05 1.462 19.0 1.686 0.334 45.067 -24.50 2

RXJ09045+4917 09 04 31.9 +49 17 20 0.362 19.0 1.842 0.284 43.668 -21.40 35

RXJ09049+5114 09 04 55.0 +51 14 44 0.225 17.4 1.729 1.104 43.822 -21.94 1

RXJ09055+5135 09 05 33.4 +51 35 06 0.089 17.5 1.672 1.198 43.028 -19.80 1

RXJ09060+4851 09 06 01.0 +48 51 50 0.390 17.2 1.736 1.866 44.554 -23.36 1

RXJ09077+5324 09 07 45.4 +53 24 21 0.711 17.5 1.569 0.724 44.704 -24.38 33

RXJ09081+5009 09 08 08.9 +50 09 18 0.100 18.1 1.569 0.946 43.029 -19.44 1

RXJ09088+4939 09 08 54.5 +49 39 19 0.421 19.0 1.501 1.079 44.387 -21.71 1

RXJ09091+5410 09 09 11.7 +54 09 53 0.142 18.7 1.775 0.709 43.216 -19.63 41

RXJ09094+5216 09 09 24.7 +52 16 34 0.409 18.7 1.359 0.753 44.204 -21.93 41

RXJ09096+5131 09 09 43.5 +51 31 17 0.516 18.7 1.313 1.076 44.575 -22.44 34

RXJ09098+5642 09 09 54.6 +56 42 37 0.111 18.2 2.687 0.399 42.746 -19.67 51

RXJ09098+4510 09 09 54.9 +45 09 49 1.980 16.8 1.271 0.415 45.449 -27.34 2

RXJ09101+4813 09 10 09.7 +48 13 44 0.117 16.5 1.440 4.343 43.830 -21.38 1

RXJ09113+5440 09 11 19.5 +54 40 44 0.169 18.5 1.912 0.277 42.964 -20.22 35

RXJ09127+4602 09 12 43.9 +46 02 35 0.447 18.3 1.222 1.644 44.625 -22.52 31

RXJ09130+5259 09 13 00.9 +52 59 30 1.375 16.7 1.384 1.163 45.542 -26.64 2

RXJ09140+4629 09 14 00.0 +46 29 36 0.137 19.0 1.302 0.378 42.910 -19.21 35

RXJ09142+5034 09 14 17.2 +50 34 29 0.185 17.3 1.271 1.372 43.740 -21.57 1

RXJ09142+5419 09 14 18.8 +54 20 32 0.101 18.6 1.844 0.521 42.779 -18.99 41

RXJ09168+5238 09 16 52.0 +52 38 27 0.190 17.0 1.267 5.211 44.344 -21.93 2
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RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ09187+4530 09 18 39.3 +45 30 21 0.194 18.7 1.317 0.363 43.206 -20.28 35

RXJ09199+5521 09 19 55.3 +55 21 37 0.122 16.4 2.788 2.711 43.663 -21.69 2

RXJ09199+5106 09 19 57.5 +51 06 08 0.553 16.1 1.208 0.472 44.282 -25.19 2

RXJ09211+4538 09 21 08.5 +45 38 55 0.174 18.8 1.421 1.498 43.723 -19.95 2

RXJ09220+4923 09 22 03.8 +49 23 04 0.762 19.0 1.486 0.773 44.798 -23.03 33

RXJ09228+5121 09 22 47.9 +51 20 44 0.161 17.1 1.257 5.096 44.185 -21.46 2

RXJ09231+4530 09 23 09.7 +45 30 44 0.293 18.1 1.504 1.514 44.200 -21.80 2

RXJ09232+4602 09 23 12.7 +46 02 41 0.725 18.6 1.516 0.336 44.389 -23.32 1

RXJ09245+4722 09 24 35.2 +47 22 29 0.419 18.7 1.523 0.836 44.271 -22.00 41

RXJ09252+5217 09 25 12.7 +52 17 10 0.035 14.6 1.243 20.590 43.441 -20.62 2

RXJ09252+5444 09 25 14.4 +54 44 26 0.474 16.0 2.361 0.597 44.240 -25.05 1

RXJ09257+4852 09 25 43.8 +48 52 30 0.571 18.4 1.435 0.866 44.576 -22.98 41

RXJ09259+4535 09 25 54.3 +45 35 43 0.328 18.0 1.655 0.729 43.986 -22.17 31

RXJ09270+5223 09 27 03.2 +52 23 15 0.603 16.8 1.358 1.360 44.823 -24.69 1

RXJ09283+4937 09 28 21.0 +49 37 36 0.238 18.3 1.278 0.424 43.458 -21.12 31

RXJ09296+5718 09 29 39.6 +57 18 38 1.153 18.5 2.513 0.374 44.880 -24.54 45

RXJ09302+4707 09 30 17.7 +47 07 20 0.160 17.2 1.418 5.575 44.218 -21.36 1

RXJ09305+4644 09 30 36.0 +46 45 07 2.032 19.0 1.518 0.647 45.667 -25.22 2

RXJ09306+4950 09 30 37.6 +49 50 24 0.188 18.7 1.296 26.260 45.036 -20.21 2

RXJ09329+4752 09 32 57.8 +47 52 48 0.197 18.6 1.364 0.822 43.574 -20.41 41

RXJ09330+4950 09 33 01.5 +49 50 28 0.615 18.6 1.336 0.637 44.512 -22.94 33

RXJ09331+5347 09 33 08.8 +53 47 46 0.057 17.8 1.546 0.825 42.473 -18.51 35

RXJ09331+4615 09 33 09.3 +46 15 34 0.770 18.8 1.531 0.282 44.371 -23.25 41

RXJ09340+4943 09 34 00.3 +49 43 19 0.370 19.0 1.370 0.452 43.889 -21.41 41

RXJ09351+4819 09 35 09.4 +48 19 09 0.223 17.6 1.464 0.748 43.645 -21.70 2

RXJ09355+5348 09 35 32.4 +53 48 35 0.686 18.2 1.640 0.589 44.581 -23.61 35

RXJ09361+5148 09 36 12.2 +51 48 08 0.246 18.3 1.283 1.149 43.921 -21.20 41

RXJ09367+5052 09 36 42.9 +50 52 47 0.054 17.1 1.170 0.661 42.329 -19.06 34

RXJ09371+5008 09 37 11.8 +50 08 47 0.275 18.4 1.189 1.302 44.077 -21.34 34

RXJ09375+5437 09 37 32.8 +54 37 06 0.465 18.0 1.918 0.801 44.350 -22.96 1

RXJ09392+4605 09 39 12.3 +46 05 06 0.399 19.0 1.230 0.287 43.762 -21.56 33

RXJ09394+5141 09 39 29.9 +51 41 03 0.608 18.0 1.070 0.853 44.628 -23.49 2

RXJ09395+5449 09 39 31.7 +54 49 09 0.292 18.8 1.605 0.579 43.779 -21.10 2

RXJ09397+5602 09 39 43.7 +56 02 30 0.117 17.5 1.837 2.217 43.538 -20.41 2

RXJ09403+4856 09 40 18.3 +48 56 18 0.793 19.0 1.300 0.399 44.549 -23.10 35

RXJ09405+4623 09 40 33.8 +46 23 15 0.699 17.7 1.178 1.287 44.938 -24.11 1

RXJ09440+4807 09 44 04.4 +48 06 45 0.390 18.5 1.104 0.713 44.136 -22.00 2

RXJ09460+5229 09 46 01.0 +52 29 44 0.449 18.7 0.853 0.616 44.203 -22.09 51

RXJ09463+4711 09 46 21.3 +47 11 30 0.230 17.7 1.037 1.285 43.908 -21.63 2

RXJ09465+5123 09 46 31.6 +51 23 39 0.746 18.3 0.882 0.512 44.599 -23.63 41

RXJ09467+4819 09 46 41.0 +48 19 47 0.426 19.0 0.982 0.305 43.849 -21.69 2

RXJ09470+4721 09 47 04.5 +47 21 42 0.541 18.3 1.019 1.632 44.800 -22.92 1

RXJ09472+5306 09 47 12.7 +53 06 13 0.482 18.5 0.886 0.381 44.061 -22.45 41

RXJ09486+5029 09 48 42.7 +50 29 29 0.056 16.5 0.973 0.333 42.062 -19.72 2

RXJ09490+4747 09 49 03.6 +47 46 53 0.214 19.0 1.010 0.736 43.601 -20.17 41

RXJ09491+5351 09 49 09.7 +53 51 25 0.411 18.2 0.941 0.278 43.775 -22.40 41

RXJ09491+4942 09 49 11.7 +49 43 01 1.098 18.7 0.941 0.428 44.891 -24.09 41

RXJ09500+4831 09 50 00.5 +48 31 30 0.590 16.7 0.854 1.274 44.774 -24.70 2

RXJ09507+4535 09 50 41.0 +45 35 11 1.038 17.3 1.144 0.387 44.794 -25.39 2
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RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ09528+4937 09 52 48.2 +49 37 46 0.258 16.5 0.853 0.581 43.668 -23.06 41

RXJ09541+4914 09 54 09.9 +49 14 58 0.207 16.5 0.836 2.303 44.066 -22.58 2

RXJ09555+4603 09 55 32.9 +46 03 59 0.152 19.0 1.306 0.195 42.716 -19.44 2

RXJ09556+4532 09 55 39.9 +45 32 15 0.259 16.7 1.256 1.629 44.119 -22.91 2

RXJ09558+4925 09 55 45.2 +49 25 02 0.397 18.7 0.810 0.212 43.626 -21.82 35

RXJ09562+5529 09 56 10.9 +55 29 44 1.401 18.0 0.840 0.501 45.195 -25.33 52

RXJ09562+5459 09 56 13.4 +54 59 04 0.316 18.1 0.787 0.444 43.737 -21.91 41

RXJ09564+5648 09 56 23.7 +56 48 05 0.075 18.2 0.886 0.868 42.736 -18.65 42

RXJ09564+5404 09 56 27.4 +54 04 25 0.208 19.0 0.733 1.078 43.741 -20.08 1

RXJ09570+5631 09 57 02.9 +56 31 35 0.680 17.6 0.836 0.762 44.684 -24.12 1

RXJ09576+5523 09 57 38.2 +55 22 56 0.901 17.8 0.781 0.906 45.027 -24.54 2

RXJ09583+4608 09 58 19.3 +46 08 23 0.648 16.6 1.272 1.216 44.842 -25.05 2

RXJ09585+5602 09 58 34.0 +56 02 23 0.215 18.7 0.835 1.083 43.773 -20.46 45

RXJ09585+5551 09 58 37.6 +55 50 51 1.030 17.8 0.823 0.492 44.890 -24.84 1

RXJ09595+5044 09 59 31.7 +50 44 47 0.144 17.4 0.842 1.253 43.476 -20.88 1

RXJ10002+5036 10 00 13.7 +50 36 45 0.236 18.3 0.833 1.230 43.913 -21.07 1

RXJ10005+5536 10 00 32.3 +55 36 29 0.216 19.0 0.771 0.416 43.362 -20.17 2

RXJ10013+5553 10 01 21.0 +55 53 48 1.390 16.4 0.795 1.605 45.692 -26.91 2

RXJ10015+5231 10 01 32.3 +52 31 33 0.145 18.3 0.720 0.717 43.240 -19.98 41

RXJ10020+5540 10 02 00.2 +55 40 54 0.004 15.2 0.754 0.592 40.009 -15.26 2

RXJ10022+4929 10 02 13.7 +49 29 35 0.400 18.5 0.987 0.584 44.073 -22.05 2

RXJ10022+4808 10 02 14.7 +48 04 22 0.948 19.0 1.037 0.142 44.270 -23.48 2

RXJ10032+4807 10 03 14.1 +48 06 45 0.163 19.0 1.008 0.404 43.095 -19.57 41

RXJ10038+5706 10 03 49.6 +57 06 59 0.289 18.8 0.911 0.322 43.516 -21.02 51

RXJ10042+4826 10 04 13.8 +48 26 06 0.563 18.2 0.985 0.637 44.429 -23.11 1

RXJ10047+4802 10 04 43.4 +48 01 54 0.197 19.0 0.992 0.727 43.521 -19.98 41

RXJ10051+5624 10 05 06.2 +56 24 29 0.090 17.5 0.776 2.049 43.271 -19.74 1

RXJ10053+4805 10 05 16.1 +48 05 32 2.370 17.8 0.969 0.386 45.592 -26.71 2

RXJ10068+4638 10 06 50.3 +46 38 19 0.896 19.0 0.876 0.420 44.688 -23.34 41

RXJ10071+5033 10 07 10.1 +50 33 34 0.211 19.0 0.953 0.490 43.411 -20.13 41

RXJ10077+5007 10 07 44.5 +50 07 47 0.212 17.5 0.953 3.390 44.256 -21.64 1

RXJ10079+4918 10 07 56.3 +49 18 08 0.149 18.6 0.961 0.852 43.339 -19.76 1

RXJ10081+4705 10 08 11.4 +47 05 20 0.343 18.9 0.819 13.290 45.288 -21.29 2

RXJ10085+4629 10 08 31.5 +46 29 53 0.388 19.0 0.862 5.039 44.980 -21.47 1

RXJ10086+5437 10 08 36.1 +54 37 28 0.783 18.8 0.652 0.332 44.458 -23.21 2

RXJ10098+5234 10 09 48.1 +52 34 36 0.174 16.9 0.684 0.842 43.472 -21.78 1

RXJ10108+4829 10 10 53.9 +48 29 27 0.158 19.0 0.910 0.234 42.830 -19.49 41

RXJ10126+5242 10 12 38.6 +52 42 21 0.128 18.9 0.663 0.995 43.270 -19.10 1

RXJ10127+5135 10 12 44.5 +51 35 01 0.672 18.5 0.767 0.455 44.449 -23.18 35

RXJ10128+5652 10 12 55.4 +56 52 18 0.963 19.0 0.826 0.254 44.539 -23.49 33

RXJ10135+5315 10 13 30.1 +53 15 56 1.495 16.2 0.689 0.305 45.042 -27.26 2

RXJ10137+5646 10 13 42.1 +56 46 01 0.292 19.0 0.783 0.252 43.417 -20.83 33

RXJ10140+4619 10 14 01.8 +46 19 51 0.321 17.5 0.843 1.802 44.359 -22.55 1

RXJ10144+5654 10 14 22.7 +56 54 51 0.568 18.0 0.780 0.630 44.432 -23.31 2

RXJ10150+4926 10 15 04.0 +49 25 59 0.200 16.7 0.917 23.450 45.043 -22.31 2

RXJ10151+5728 10 15 07.5 +57 28 55 0.434 18.1 0.991 0.842 44.307 -22.63 33

RXJ10163+4532 10 16 20.2 +45 32 56 1.380 19.0 0.935 0.268 44.908 -24.30 35

RXJ10164+4706 10 16 22.7 +47 06 58 0.820 18.1 1.003 0.364 44.542 -24.05 35

RXJ10165+4630 10 16 28.1 +46 30 50 0.140 18.4 0.956 0.446 43.002 -19.83 41
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RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ10167+4550 10 16 43.8 +45 50 52 0.333 19.0 0.889 0.640 43.943 -21.13 33

RXJ10169+5235 10 16 52.9 +52 35 10 0.438 18.9 0.674 0.430 44.024 -21.82 51

RXJ10169+4850 10 16 55.4 +48 50 03 0.660 18.7 0.998 0.287 44.232 -22.96 35

RXJ10173+5051 10 17 20.2 +50 51 16 0.484 18.9 0.836 0.417 44.103 -22.06 33

RXJ10175+4702 10 17 31.0 +47 02 23 0.335 18.3 1.072 1.327 44.266 -21.86 2

RXJ10175+4905 10 17 35.0 +49 05 56 0.768 19.0 0.971 0.481 44.600 -23.00 35

RXJ10180+4732 10 17 57.7 +47 32 35 0.183 19.0 1.156 0.414 43.210 -19.83 35

RXJ10183+5137 10 18 17.6 +51 37 45 0.369 18.7 0.876 0.273 43.667 -21.66 33

RXJ10186+5325 10 18 37.8 +53 25 37 0.174 18.7 0.678 0.287 43.005 -19.98 33

RXJ10189+4957 10 18 52.2 +49 57 59 0.154 18.3 0.896 1.692 43.666 -20.13 35

RXJ10189+5726 10 18 54.2 +57 26 46 0.154 18.7 0.964 0.365 43.000 -19.74 34

RXJ10189+4738 10 18 58.3 +47 38 14 2.921 19.0 1.171 0.254 45.615 -25.99 2

RXJ10194+5347 10 19 23.9 +53 48 15 0.757 17.6 0.692 0.783 44.798 -24.34 41

RXJ10195+4832 10 19 35.2 +48 32 27 0.361 19.0 1.106 0.313 43.707 -21.33 33

RXJ10200+5645 10 20 06.5 +56 45 35 0.125 18.6 0.926 0.713 43.104 -19.38 51

RXJ10207+4920 10 20 44.3 +49 20 46 0.390 19.0 1.034 0.543 44.017 -21.50 33

RXJ10211+4523 10 21 05.9 +45 23 31 0.364 19.0 1.059 0.835 44.141 -21.34 45

RXJ10221+4821 10 22 09.6 +48 21 14 0.062 18.6 1.302 0.269 42.060 -17.87 2

RXJ10229+5407 10 22 56.7 +54 07 16 0.341 18.9 0.724 0.286 43.615 -21.27 35

RXJ10236+5234 10 23 39.7 +52 33 48 0.137 17.2 1.040 0.815 43.244 -20.99 41

RXJ10238+5633 10 23 49.9 +56 33 47 0.230 17.8 0.737 0.720 43.657 -21.50 51

RXJ10245+5556 10 24 34.9 +55 56 23 0.197 18.0 0.700 1.408 43.808 -20.96 2

RXJ10250+4556 10 25 04.8 +45 56 06 0.520 18.5 1.281 0.306 44.036 -22.66 51

RXJ10252+4808 10 25 12.8 +48 08 53 0.331 19.0 1.389 0.451 43.786 -21.16 45

RXJ10255+5140 10 25 31.3 +51 40 33 0.045 15.9 1.274 21.280 43.676 -19.87 2

RXJ10261+5238 10 26 14.0 +52 37 50 0.260 17.7 1.180 1.636 44.125 -21.91 40

RXJ10268+5509 10 26 52.9 +55 09 07 0.119 17.2 0.710 4.476 43.858 -20.65 1

RXJ10287+4904 10 28 41.8 +49 04 18 0.043 17.8 1.245 0.885 42.255 -17.87 51

RXJ10292+5723 10 29 15.0 +57 23 53 0.186 17.4 0.570 3.054 44.092 -21.42 2

RXJ10292+5302 10 29 15.3 +53 03 04 0.424 18.5 1.155 0.496 44.055 -22.19 51

RXJ10298+5411 10 29 53.3 +54 11 35 0.232 18.2 0.957 0.272 43.242 -21.14 61

RXJ10304+5516 10 30 25.0 +55 16 20 0.440 17.1 0.660 2.455 44.785 -23.63 1

RXJ10308+5310 10 30 51.0 +53 10 25 1.180 18.3 1.215 0.599 45.106 -24.68 1

RXJ10309+5002 10 30 55.5 +50 02 53 0.790 18.6 1.073 0.257 44.355 -23.47 35

RXJ10309+5119 10 30 56.8 +51 19 00 0.290 18.3 1.254 0.634 43.813 -21.56 52

RXJ10310+4626 10 31 03.4 +46 26 14 0.926 18.5 1.311 1.313 45.214 -23.95 1

RXJ10313+5053 10 31 18.6 +50 53 34 0.239 16.8 1.266 54.370 45.570 -22.63 2

RXJ10317+5225 10 31 43.6 +52 25 34 0.169 18.8 1.233 0.279 42.966 -19.87 35

RXJ10328+5457 10 32 50.0 +54 56 54 0.118 18.7 0.769 1.066 43.228 -19.14 51

RXJ10335+4517 10 33 32.6 +45 17 40 0.822 17.9 1.319 0.314 44.479 -24.28 51

RXJ10355+4503 10 35 32.8 +45 03 54 1.442 18.3 1.274 0.307 45.010 -25.13 35

RXJ10369+5001 10 36 56.7 +50 01 35 0.109 17.9 1.207 0.272 42.564 -19.80 35

RXJ10393+4848 10 39 21.5 +48 48 00 0.426 16.5 1.237 2.227 44.712 -24.21 1

RXJ10396+5330 10 39 35.7 +53 30 36 0.232 17.7 1.153 0.521 43.524 -21.66 35

RXJ10417+5233 10 41 46.8 +52 33 26 0.677 17.0 1.226 0.937 44.770 -24.74 2

RXJ10423+5012 10 42 18.4 +50 12 42 0.469 17.6 1.249 0.531 44.179 -23.32 41

RXJ10434+5307 10 43 25.4 +53 07 51 0.948 18.6 1.099 0.368 44.684 -23.88 45

RXJ10438+4748 10 43 49.4 +47 48 57 1.107 17.0 1.383 0.338 44.797 -25.85 1

RXJ10441+5322 10 44 09.9 +53 22 16 1.897 18.6 1.067 0.512 45.498 -25.42 2
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RXJ10441+4755 10 44 10.1 +47 54 56 0.480 18.1 1.389 0.811 44.385 -22.89 1

RXJ10456+5202 10 45 41.7 +52 02 34 0.290 16.9 1.266 2.710 44.443 -22.96 1

RXJ10456+5251 10 45 42.2 +52 51 10 1.050 18.5 1.136 0.763 45.099 -24.21 2

RXJ10462+5255 10 46 13.8 +52 55 52 0.497 17.6 1.137 3.902 45.100 -23.44 51

RXJ10471+5444 10 47 05.2 +54 44 02 0.216 18.7 0.824 3.061 44.228 -20.47 61

RXJ10487+5131 10 48 41.8 +51 31 16 0.196 18.9 1.282 1.552 43.846 -20.10 51

RXJ10494+5754 10 49 26.0 +57 54 21 0.070 17.5 0.661 3.142 43.234 -19.18 1

RXJ10495+5539 10 49 28.3 +55 39 27 0.315 18.3 0.607 0.301 43.564 -21.68 35

RXJ10507+5003 10 50 43.8 +50 03 28 0.627 18.0 1.396 0.628 44.524 -23.58 41

RXJ10509+5527 10 50 55.2 +55 27 22 0.333 16.9 0.692 4.492 44.790 -23.22 1

RXJ10516+4847 10 51 37.3 +48 47 53 0.373 18.5 1.492 0.303 43.722 -21.94 35

RXJ10525+5030 10 52 37.4 +50 30 40 0.246 18.5 1.354 0.565 43.613 -21.00 61

RXJ10537+4929 10 53 44.2 +49 29 55 0.140 17.5 1.466 1.299 43.466 -20.77 41

RXJ10538+5601 10 53 46.5 +56 01 31 0.645 18.7 0.645 0.321 44.260 -22.88 35

RXJ10539+5401 10 53 57.0 +54 01 47 0.995 19.0 1.028 0.384 44.749 -23.58 2

RXJ10547+4831 10 54 44.7 +48 31 40 0.286 15.6 1.422 5.556 44.743 -24.24 1

RXJ10561+5515 10 56 09.7 +55 16 02 0.257 18.3 0.761 0.346 43.440 -21.25 51

RXJ10569+5215 10 56 57.1 +52 15 23 1.317 18.5 1.135 0.288 44.894 -24.72 51

RXJ10586+5628 10 58 37.6 +56 28 10 0.144 16.2 0.712 5.515 44.119 -22.07 2

RXJ10591+5001 10 59 10.4 +50 01 21 0.595 18.6 1.322 0.545 44.413 -22.86 51

Stars

RX name �2000 Æ2000 B NH Cat

RXJ08208+4934 08 20 51.1 +49 34 29 18.2 3.970 45 CV

RXJ08312+5134 08 31 14.5 +51 35 05 14.9 3.813 35

RXJ08388+4910 08 38 45.1 +49 10 53 15.8 3.318 35 CV

RXJ08599+5602 09 00 01.0 +56 02 28 17.7 2.364 52

RXJ09043+4702 09 04 16.3 +47 02 57 16.7 1.564 35

RXJ09077+5057 09 07 44.1 +50 57 36 16.6 1.551 35

RXJ09094+5133 09 09 23.7 +51 33 05 17.2 1.341 35

RXJ09117+4933 09 11 39.3 +49 33 25 16.1 1.327 35

RXJ09132+5747 09 13 14.9 +57 47 24 19.0 3.091 45

RXJ09139+5642 09 13 55.2 +56 42 40 18.6 2.744 51

RXJ09257+4513 09 25 40.9 +45 13 12 11.5 1.652 35

RXJ09301+5228 09 30 06.8 +52 28 02 16.0 1.392 35

RXJ09454+5632 09 45 28.8 +56 32 52 18.2 1.204 52

RXJ09482+5336 09 48 13.7 +53 36 04 18.2 0.930 35

RXJ10029+4722 10 03 00.0 +47 22 53 16.3 1.046 35

RXJ10093+5349 10 09 25.5 +53 49 56 19.0 0.708 33

RXJ10097+4544 10 09 40.4 +45 44 43 10.0 0.843 35

RXJ10127+4833 10 12 43.4 +48 33 04 10.0 0.895 35

RXJ10156+5302 10 15 37.4 +53 02 04 10.0 0.665 35

RXJ10402+4731 10 40 15.1 +47 31 13 18.9 1.343 35

RXJ10469+5731 10 46 59.4 +57 30 55 19.0 0.621 45

RXJ10566+5757 10 56 37.0 +57 57 25 18.4 0.610 35

RXJ10571+5510 10 57 08.6 +55 09 41 18.0 0.770 35

RXJ10593+5124 10 59 16.3 +51 24 41 10.0 1.184 35
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AGN candidates

RX name �2000 Æ2000 B NH fx
RXJ08040+4923 08 04 02.1 +49 23 29 19.0 3.716 0.335

RXJ08070+5547 08 07 01.1 +55 47 46 18.5 4.113 0.337

RXJ08104+5740 08 10 24.5 +57 40 23 19.0 3.434 0.331

RXJ08124+4651 08 12 25.9 +46 51 30 19.0 4.162 0.322

RXJ08164+5739 08 16 24.6 +57 39 10 19.0 3.908 1.538

RXJ08255+4817 08 25 35.3 +48 16 03 17.9 3.961 0.385

RXJ08273+4905 08 27 16.8 +49 05 31 18.8 3.836 0.254

RXJ08299+5256 08 29 52.8 +52 56 47 19.0 3.889 0.397

RXJ08346+5328 08 34 37.1 +53 28 17 18.5 3.515 0.318

RXJ08401+5216 08 40 05.3 +52 16 18 19.0 2.912 0.203

RXJ09005+4911 09 00 32.4 +49 11 47 19.0 2.068 0.413

RXJ09015+5100 09 01 32.0 +51 00 14 19.0 1.987 0.379

RXJ09036+4600 09 03 37.7 +46 00 37 19.0 1.556 0.280

RXJ09059+5237 09 05 54.3 +52 37 23 19.0 1.582 0.238

RXJ09069+4533 09 06 57.0 +45 33 26 18.0 1.420 1.177

RXJ09080+4615 09 08 59.2 +46 15 37 19.0 1.372 0.161

RXJ09203+4636 09 20 19.5 +46 36 08 19.0 1.403 0.354

RXJ09209+4506 09 20 55.3 +45 06 56 19.0 1.434 0.356

RXJ09292+5013 09 29 15.4 +50 13 35 18.3 1.326 0.919 BL Lac

RXJ09324+4607 09 32 21.1 +46 07 14 19.0 1.637 0.400

RXJ09331+4845 09 33 04.3 +48 45 40 19.0 1.330 0.238

RXJ09380+4843 09 38 00.3 +48 43 16 19.0 1.463 0.403

RXJ09392+5121 09 39 15.7 +51 21 31 19.0 1.071 0.360

RXJ09393+4823 09 39 19.2 +48 23 33 19.0 1.355 0.210

RXJ09426+5758 09 42 33.9 +57 58 34 19.0 1.408 0.270

RXJ09484+5149 09 48 25.9 +51 49 32 19.0 0.800 0.248

RXJ09490+4627 09 49 58.9 +46 27 24 19.0 1.127 0.352

RXJ09501+4813 09 50 05.0 +48 13 14 19.0 0.896 0.375

RXJ09502+4553 09 50 11.9 +45 53 19 18.9 1.146 0.193 BL Lac

RXJ09520+5708 09 51 59.0 +57 08 53 19.0 0.952 0.210

RXJ09523+5314 09 52 20.1 +53 14 54 19.0 0.801 0.303

RXJ09542+5635 09 54 10.5 +56 35 30 19.0 0.885 0.364

RXJ09549+5719 09 54 55.7 +57 19 51 18.5 0.955 0.250

RXJ09550+4955 09 54 59.0 +49 55 54 19.0 0.816 0.432

RXJ10042+4626 10 04 13.0 +46 26 20 19.0 0.994 0.186

RXJ10068+4651 10 06 45.5 +46 51 10 19.0 0.890 0.262

RXJ10112+5110 10 11 11.3 +51 10 34 19.0 0.849 0.163

RXJ10114+4700 10 11 22.7 +47 00 41 19.0 0.839 0.317

RXJ10139+4851 10 13 52.4 +48 51 24 19.0 0.928 0.277

RXJ10174+5621 10 17 24.6 +56 21 07 18.2 0.860 0.297

RXJ10179+4706 10 17 53.7 +47 06 16 19.0 1.070 0.531

RXJ10200+5454 10 20 00.2 +54 54 40 19.0 0.715 0.372

RXJ10210+5024 10 21 01.0 +50 24 42 19.0 0.982 0.300

RXJ10227+5104 10 22 41.8 +51 04 08 17.3 1.104 0.322

RXJ10234+4951 10 23 21.9 +49 51 18 19.0 1.068 0.376

RXJ10251+5553 10 25 03.3 +55 53 19 18.5 0.702 0.318

RXJ10256+5105 10 25 37.8 +51 05 43 19.0 1.223 0.352

RXJ10260+5254 10 26 02.7 +52 54 04 19.0 1.148 0.319

RXJ10292+5228 10 29 13.2 +52 28 38 19.0 1.226 0.664
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RX name �2000 Æ2000 B NH fx
RXJ10292+4919 10 29 13.6 +49 19 31 19.0 1.186 0.366

RXJ10295+5106 10 29 33.8 +51 06 17 19.0 1.290 0.271

RXJ10307+4821 10 30 44.0 +48 21 44 19.0 1.394 0.293

RXJ10307+5521 10 30 44.1 +55 21 00 19.0 0.676 0.453

RXJ10316+5035 10 31 37.6 +50 35 36 18.5 1.229 0.335

RXJ10316+5303 10 31 40.7 +53 03 38 18.7 1.234 0.316

RXJ10327+4729 10 32 43.8 +47 29 10 19.0 1.514 0.141

RXJ10346+5505 10 34 37.3 +55 05 09 19.0 0.669 0.780

RXJ10349+4507 10 34 54.9 +45 07 39 19.0 1.287 0.620

RXJ10372+4858 10 37 13.7 +48 58 59 18.6 1.183 0.266

RXJ10373+4755 10 37 23.0 +47 55 21 19.0 1.498 0.327

RXJ10377+5711 10 37 44.5 +57 11 54 16.5 0.442 2.861 BL Lac

RXJ10381+4642 10 38 10.1 +46 42 40 18.8 1.310 0.387

RXJ10397+5234 10 39 40.8 +52 34 18 18.4 1.197 0.299

RXJ10403+5640 10 40 20.3 +56 40 04 19.0 0.407 0.337

RXJ10407+5644 10 40 44.7 +56 44 47 19.0 0.415 0.886

RXJ10411+5419 10 41 08.4 +54 19 22 19.0 0.980 0.271

RXJ10411+5551 10 41 11.7 +55 51 46 18.7 0.459 0.697

RXJ10443+5043 10 44 17.0 +50 43 52 19.0 1.330 0.333

RXJ10451+4951 10 45 09.4 +49 51 19 19.0 1.294 0.261

RXJ10475+4835 10 47 32.3 +48 35 30 19.0 1.390 0.314

RXJ10477+5437 10 47 47.1 +54 37 45 19.0 0.817 0.563 BL Lac

RXJ10507+4828 10 50 45.0 +48 28 54 16.3 1.410 0.434

RXJ10532+5441 10 53 10.8 +54 41 56 19.0 0.870 0.245

RXJ10536+5642 10 53 38.3 +56 42 15 19.0 0.660 0.481

Galaxies

RX name �2000 Æ2000 z B NH fx logLx MB Cat

RXJ08036+4753 08 03 34.9 +47 53 53 0.059 18.5 3.703 0.287 42.044 -18.08 45

RXJ08109+5536 08 10 54.3 +55 36 36 0.140 19.0 4.053 0.215 42.685 -19.50 34

RXJ08137+5300 08 13 46.7 +53 00 51 0.140 19.0 3.499 0.215 42.684 -19.45 41

RXJ08561+5418 08 56 08.4 +54 18 53 0.251 19.0 2.022 1.474 44.047 -20.61 31

RXJ09033+5330 09 03 20.7 +53 30 29 0.063 17.9 1.617 0.365 42.206 -18.64 41

RXJ09137+4741 09 13 46.1 +47 41 58 0.060 18.3 1.441 1.812 42.859 -18.11 1

RXJ09326+4901 09 32 38.5 +49 01 46 0.077 17.8 1.398 0.229 42.180 -19.16 45

RXJ09377+5647 09 37 44.8 +56 47 00 0.139 19.0 2.094 0.434 42.983 -19.31 51

RXJ09527+5153 09 52 47.3 +51 53 06 0.214 18.3 0.726 2.900 44.196 -20.84 2

RXJ09585+4738 09 58 33.5 +47 38 52 0.418 18.3 1.130 0.349 43.889 -22.36 2

RXJ10387+5330 10 38 45.8 +53 30 11 0.003 10.0 1.148 1.504 40.164 -19.87 2



Appendix C

AGN pairs

The 19 pairs of AGNs with separations r <20h�1Mpc are listed in the table
on the next page. Recall, that the separations were calculated for a standard
cosmology (
m=1.0, 
�=0), and distances in a �-model or an open Universe
at low redshifts (z<0.5) are larger by a factor of �1.3 or �1.1, respectively.
Moreover, the three triplets are marked by a Ti in the right column of the
table.
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AGN pairs

RX name �2000 Æ2000 B z r

RXJ08088+5451 08 08 47.4 +54 51 45 0.139 18.4 17.01 T1

RXJ08098+5218 08 09 49.0 +52 18 56 0.138 15.9

RXJ08088+5451 08 08 47.4 +54 51 45 0.139 18.4 16.97 T1

RXJ08122+5717 08 12 09.7 +57 17 37 0.139 18.9

RXJ08149+5325 08 14 56.0 +53 25 32 0.121 17.0 10.58

RXJ08150+5252 08 15 01.8 +52 52 54 0.125 16.8

RXJ08152+4604 08 15 17.0 +46 04 30 0.041 17.2 16.39 T2

RXJ08173+5202 08 17 18.7 +52 01 47 0.037 18.4

RXJ08152+4604 08 15 17.0 +46 04 30 0.041 17.2 14.08 T2

RXJ08398+4846 08 39 49.6 +48 46 59 0.040 16.4

RXJ08173+5202 08 17 18.7 +52 01 47 0.037 18.4 15.29 T2

RXJ08398+4846 08 39 49.6 +48 46 59 0.040 16.4

RXJ08198+4953 08 19 49.2 +49 54 07 0.130 18.6 6.33

RXJ08205+4853 08 20 28.1 +48 53 44 0.130 18.8

RXJ08583+5205 08 58 24.3 +52 05 39 0.089 18.1 8.12

RXJ09055+5135 09 05 33.4 +51 35 06 0.089 17.5

RXJ09331+5347 09 33 08.8 +53 47 46 0.057 17.8 11.88 T3

RXJ09367+5052 09 36 42.9 +50 52 47 0.054 17.1

RXJ09331+5347 09 33 08.8 +53 47 46 0.057 17.8 14.74 T3

RXJ09486+5029 09 48 42.7 +50 29 29 0.056 16.5

RXJ09367+5052 09 36 42.9 +50 52 47 0.054 17.1 10.03 T3

RXJ09486+5029 09 48 42.7 +50 29 29 0.056 16.5

RXJ09585+5602 09 58 34.0 +56 02 23 0.215 18.7 6.76

RXJ10005+5536 10 00 32.3 +55 36 29 0.216 19.0

RXJ09595+5044 09 59 31.7 +50 44 47 0.144 17.4 12.87

RXJ10015+5231 10 01 32.3 +52 31 33 0.145 18.3

RXJ10032+4807 10 03 14.1 +48 06 45 0.163 19.0 18.95

RXJ10108+4829 10 10 53.9 +48 29 27 0.158 19.0

RXJ10071+5033 10 07 10.1 +50 33 34 0.211 19.0 4.89

RXJ10077+5007 10 07 44.5 +50 07 47 0.212 17.5

RXJ10098+5234 10 09 48.1 +52 34 36 0.174 16.9 19.09

RXJ10186+5325 10 18 37.8 +53 25 37 0.174 18.7

RXJ10167+4550 10 16 43.8 +45 50 52 0.333 19.0 17.42

RXJ10175+4702 10 17 31.0 +47 02 23 0.335 18.3

RXJ10255+5140 10 25 31.3 +51 40 33 0.045 15.9 8.28

RXJ10287+4904 10 28 41.8 +49 04 18 0.043 17.8

RXJ10268+5509 10 26 52.9 +55 09 07 0.119 17.2 8.93

RXJ10328+5457 10 32 50.0 +54 56 54 0.118 18.7
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