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1Introduction

Were the succession of stars endless, then the background of the sky would present us a
uniform luminosity, like that displayed by the Galaxy -since there could be absolutely no
point, in all that background, at which would not exist a star. The only mode, therefore,
in which, under such a state of affairs, we could comprehend the voidswhich our tele-
scopes �nd in innumerable directions, would be by supposing the distance of the invisible
background so immense that no ray from it has yet been able to reachus at all.

Edgar Allen Poe on Olbers Paradox, Eureka (1848)

1.1 A Cosmopolitan Universe, life in the slow lane

The Universe is �lled with a complex – bubble like – network consi sting of voids, walls, �l-
aments and clusters. This network connects neighbouring nodes of mass concentrations and
separates large empty bubbles. In many respects it behaves and looks similar to human built
(infra)structures (see Figure 1). The average to large cities would correspond to Galaxiesand
Cluster of Galaxiesin the Universe. Such towns are located in the middle of a infrastr uctural
web of electricity lines, highways and railways etc. The compl exity of this network is often
described by hierarchy of scales. A typical example is the road network, small roads branch
of from larger highways that form the interconnections between la rge cities to average sized
towns. The even smaller roads further link up to yet smaller vil lages. This cellular pattern
of roads shows large holes that are outlined by large highways, the y surround and separate
more empty regions.

In the Universes the equivalent infrastructure of roads is cal led the Cosmic Web. It is made
up of small �laments, walls, and larger �lamentary bridges. Sm all �laments of dwarf galax-
ies connects average sized galaxies, and these are again partof larger �laments that bridge
the clusters and superclusters into one connected superstructure. The dynamics in urban set-
tlements are driven by social-economical forces set up mainly by differences in available job
opportunities, status and wealth. The main force that drives th e dynamics of the Cosmic Web
is gravity.

In some sense normal galaxies can be considered as the average middle sized town. Such
towns may merge and form larger cities that would correspond to clu sters of galaxies. Larger
cities conglomerate along rivers and coastal areas, forming larger urban areas. Notable exam-
ples of such extended metropolitan areas are the Randstad, Ruhr Gebiet, US East Coast etc.
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Figure 1.1– Cosmopolitan light: When observing cities by night we are immediately struck
by the largest and most luminous buildings. See for example the th ree characteristic horizon
dominating spikes in the Figure above. These could correspond to t he dense clusters in the
Large scale structure. The latter is shown in projection on the sk y. For such objects we have
a relatively good understanding what makes them tick. But what about the light from less
dense regions? In this work we shall describe the Cosmic Web from t he perspective of the
least dense regions. Within the analogy it corresponds to the lig ht stemming from the more
mundane situation shown in the lower foreground. It should be associ ated with the smaller
peaks that reside in the darkest patches of the Cosmic Sky. Imagecourtesy of Rense Boomsma
and EP.

The cosmic equivalents of these urban areas are the superclusters. These are clustered areas of
clusters. In Figure 2 we show the Coma Great Wall, one of the most str iking and well known
superclusters in the nearby Universe.

Opposite to this densely populated urban environment is the rem ote and desolate out-
back. In such regions life is commonly less hectic and revolves at a slower pace. Toward the
most desolate areas we may even �nd pristine land that for the most part has been left alone.
In the Universe such underdense regions exist as well. In fact most of the Universe is �lled
up with these rather empty regions called voids. The name deriv es from the abbreviation of
'a region devoid of galaxies'.

In this thesis we will focus on the voids in the Universe. We will p ropose a way how to �nd
the outlines of the voids. This provides us with a unique perspect ive on the overdense Cosmic
Web. It allows us to address questions about the properties voids. For example what is the
relation of the void with the overdense structures on its boundary? Is there an optimal way
to reconstruct the density �eld that de�nes the voids, walls, � laments and clusters? What
does the observed network of voids and large clusters in the real Un iverse look like? Do
these structures behave in concordance with present day cosmological models? What are the
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Figure 1.2– The Coma Great Wall: the �gure shows the the Coma Great Wall. The top panel
shows the density �eld as projected from the top. Some of the known near by voids including
their names are shown in the panel. We have indicated the most re levant superclusters and
the Boötes Supervoid. A face-on projection (xz-projection) of the Coma Great Wall is shown
in the lower �gure. The superclusters and clusters are indica ted in the �gure. See Chapter 6
for an extensive analysis.

statistical properties of low density and high density regions? Are there consequences for
galaxies that reside in voids?

1.2 Large Scale Structure Formation
In the most common accepted view of structure formation, galaxies, clusters and voids emerged
from tiny primordial quantum �uctuations. These �uctuations ra pidly expanded in size dur-
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ing a period called in�ation. After in�ation these �uctuations w ere stretched out to very large
scales. When these �uctuations entered again into the scale of the observable Universe gravi-
tational growth could set in. The growth of these perturbations eve ntually formed the present
day observable structures.

The evolution of this growth has a strong dependence on the contents of the Universe.
The most important constituents of the Universe are baryons, radi ation, dark matter and dark
energy density. The densities are often speci�ed in terms of a c ritical density � c. At the critical
density the Universe is spatially �at. Currently the favouri te model is the concordance model
or � CDM model (CDM= cold dark matter), with the following values;


 b =

� b

� c
= 0: 0456; 
 r =

� r

� c
= 0: 005; 
 d =

� d

� c
= 0: 228; and 


�

=

�

3H2
= 0: 726; (1.1)

The values are based on the 5th year data release of WMAP (Komatsuet al. 2009). The values
of these fractional densities determines the global dynamics of the Universe. For our purposes
here the dynamics of the Universe can be considered as a uniform expanding background,
fully contained in the cosmological scale factor a(t).

1.2.1 Gravitational Instability

The �uctuation �eld is described in terms of a density contrast � eld, � (x).

� (x) =

� (x) � � m

� m
; (1.2)

where � m is the average density of the dark matter plus baryon density. I t provides a frame-
work to describe the �uctuations in the density �eld. Neglecti ng the pressure terms, the evo-
lution of this gravitating pressureless �uid (dust) in an expa nding background is given by

@�

@ t
+

1
a

r � [(1 + � )v] = 0 ; (1.3)

@

@ t
(av) + (v � r )v = �

@�

@ x
; (1.4)

r

2
� = 4� G� 0a2

� : (1.5)

The �rst two are the continuity equation and the Euler equation t hat describe the conservation
of mass and momentum. The last is the Poisson equation that provides the solution for the
gravitational potential �eld.

When the �uctuations and streaming motions are small the above eq uations can be lin-
earised

@�

2

@

2t
+ 2

�a
a

@�

@ t
= 4� G� m � : (1.6)

A solution to this equation is provided by

� (x; t) = D(a) � 0(x; t0) (1.7)

Here D(a) is a universal linear growth factor that depends on the backgrou nd cosmology. This
background is again determined by the relative fractions of equ ation 1.1. For a �at and matter
dominated universe 
 m = 
 b + 
 d = 1 the growth factor goes as D(a) / a, i.e. proportional to
the expansion rate. In a low density matter dominated Universe 
 m < 1 the growth is smaller
and is characterised by a freeze out time at af =

1� 
 m

 m

. After this freeze-out moment further
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Figure 1.3– Power Spectrum: The �gure
shows the power spectrum estimated from
a compilation of cosmological probes. The
� CDM spectrum is shown for comparison.
From Tegmark et al. (2004).

growth of structures stops. Also in � CDM model growth of structures is halted when the
Universe starts to accelerate. This happens approximately at

am�

=

� 2


�


 m

� 1= 3

(1.8)

1.2.2 Initial Fluctuations

Most observations suggest that the initial �uctuation �eld, gen erated in the early Universe, is
well described by Gaussian random �eld. The one-point Probabili ty Distribution Function of
this Gaussian random �eld is given by

P1( � )d� =

1
p

2��

2
exp

 

� �

2

2�

2

!

d� (1.9)

This is the probability for a small volume element having a densi ty contrast value in the range
of ( � ; � + d� ). The value of � � h �

2
i is the variance of the density �eld. Since the Gaussian

distribution is symmetric the skewness is h �

3
i = 0. For the initial density �eld it is assumed

that the perturbations started out as small �uctuations, i.e. � � 1. The �rst effect of linear
structure growth ( � / D � 0) will be to increase the variance of the �eld.

Besides the one-point distribution there are higher N-point dis tributions that describe the
combined probabilities of the density values at more then one locat ion. For a Gaussian Ran-
dom �elds the �eld is fully describe by the 2-point correlation fu nction, � . It characterises
the probability distribution of two points in the �eld having den sity value � (x1) = � 1 and
� (x2) = � 2. The distribution belonging it is called the two-point density d istribution. For a
Gaussian Random Field it is given by

P2( � 1 ; � 2) =

1

2�

p

jjh � i � j ijj

exp

 

�

1
2

 

� 1

� 2

!

h � i � j i

� 1 ( � 1 � 2)

!

d� 1 � 2 (1.10)

Each of the � i = � (xi ) can be the density value anywhere in the spatial �eld. The ma trix h � i � j i

is the covariance matrix, with jjh � i � j ijj being the determinant of the matrix. The entries of this
matrix are the auto-correlation Function

h � 1 � 2 i =

� (x1 � x2) (1.11)




































































































































































































































































































































































































































































































































