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English Summary

This sun, called 4 Movement, is our Sun, where we live now.
And here is its mark, as it fell into the Sun’s Fire,
in the divine furnace, there in Teotihuacan.
This was also the Sun of our Prince, in Tula, of Quetzalcoatl.
The fifth Sun, 4 Movement is its sign,
it is called Sun of movement because it moves, it follows its path.

Aztec poem of the creation of the Fifth Sun (fragment, Codex Chimalpopoca).

Probably from even before the dawn of civilization humans have been gazing at the starry nights and
wondered about the world in which they found themselves living. Questions that have occupied hu-

manity were ones like “How did the universe begin?” “How had everything come into being?”. Many
explanations have been given throughout the eons, as nearly every culture and society forwarded its
own cosmogony and understanding of the universe. This quest has been vigorously pursued up to the
modern age. Indeed, for the first time humanity appears to come close to an all-encompassing scien-
tifically justified answer to these age-old questions, on the basis of a vast body of scientific knowledge
supported by an ever-increasing and impressive amount of observational evidence.

Within the current cosmological model, it is assumed that the universe we inhabit came into be-
ing 13.7 billion years ago, born in a massive expanding fireball which we have named the Hot Big
Bang. In this event space and time, as well as all the matter and energy that the universe contains came
into being. The pristine universe was extremely hot and dense, gradually cooling and diluting as it
expanded. The theoretical description of this event rests on two crucial assumptions. The first one is
that its dynamical evolution is entirely dictated by the force of gravity, which has been encapsulated
in Einstein’s Theory of General Relativity. According to this theory, the force of gravity is the man-
ifestation of the curvature of a system. The Big Bang Universe is based on the assumption that the
Universe’s geometry is severely constrained by the Cosmological Principle. It states that the universe
is homogeneous and isotropic. In other words, the universe has the same properties everywhere, both
concerning its matter distribution as well as the physical laws pertaining throughout its realm. In addi-
tion, it also looks the same in every direction. Only three geometries obey these restrictions, and when
working out their repercussions within the context of General Relativity we find that the corresponding
solutions, the Friedmann-Robertson-Walker-Lemaitre [FRWL] models, provide the correct theoretical
framework for the evolution of the expanding Universe. Hubble’s finding in 1929 of the systematic
recession of galactic nebulae established for the first time the reality of this view of a dynamic cosmos.

The immediate implication of Hubble’s discovery was and is dramatic: the cosmos should have
a beginning ! On the basis of the FRWL cosmological models and our knowledge of the laws of
physics cosmologists have even been able to reconstruct the full thermal history of the Universe up
to a fraction of the second after its birth. This is what we describe as the Hot Big Bang theory.
The resulting predictions for a variety of major events and phenomena in the course of the Universe’s
evolution have provided us with a truly impressive body of evidence for the validity of the Hot Big Bang
theory. Arguably the most impressive prediction has been that of the Cosmic Microwave Background,
the remnant of radiation reaching us from every direction on the sky and originating from the time
379,000 years after the Big Bang. Its discovery in 1965 by Penzias & Wilson, is rightfully regarded
as one of the major scientific breakthroughs of the 20th century. With a current temperature of only
2.725◦K it is almost perfectly isotropic, displaying temperature variations over the sky smaller than 1
in 105, a more than impressive confirmation of the Cosmological Principle. The early Universe was
almost perfectly featureless.

While the evidence in favor of the Hot Big Bang Universe has been accumulating to impressive
levels, we are left with the riddle that on scales much smaller than the radius of the visible Universe
it looks far from homogeneous, locally even far from isotropic. The cosmos is teeming with a rich
and highly varied internal structure. Planets and stars are familiar to everyone, hundreds of billions
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Figure 1 — Examples of galaxies in our Universe, a spiral galaxy (left panel; Credits: G.F. Benedict, A. Howell,
I. Jorgensen, D. Chapell, J. Kenney, and B.J. Smith, and NASA) and an elliptical galaxy (right panel, Credits:
NOAO,AURA,NSF). At the central panel a galaxy cluster is shown (Credits: NOAO,AURA,NSF), which consists
of tens of galaxies.

of them aggregate together with gas and dust into what may be regarded as the fundamental building
blocks of our observational Universe, the galaxies. The galaxies themselves clump together into even
larger and more massive structures, groups and clusters of galaxies (see Figure 1). They are part of a
hierarchy of ever larger systems, on scales of dozens and even hundreds of Megaparsecs grouping into
superclusters, which themselves are structural elements of a pattern resembling a cosmic web which
pervades throughout the observable Universe.

One of the key dilemma’s of modern cosmology is therefore to explain the irregular matter distri-
bution on scales smaller than a hundred Megaparsec within the context of the cosmological worldview
of the Big Bang. It is in this thesis that we pursue this question, and in particular explore issues con-
cerning the related flows of matter along the local Universe, out to a distance of around 100 h−1Mpc. In
this we will follow the standard lore of structure formation in the Universe, the theory of Gravitational
Instability. This extends the standard Hot Big Bang theory with an extra element, stating that although
the early Universe was nearly completely smooth it was not perfectly so. Instead, it did contain some
tiny variations in the matter distribution and the cosmic expansion. These got amplified by gravity and
grew into the wealth of structure we see through our telescopes. Also this view has been accumulating
convincing evidence, and again it was the observation of the Cosmic Microwave Background and the
detection of tiny temperature variations by the COBE and WMAP satellites which have provided us
with sufficient confidence to set out on the investigation presented in this work.

The Hot Big Bang

Up to the beginning of the 20th century it was believed that the Universe was static. In 1916, Albert
Einstein proposed his theory of general relativity and the equations that describe the dynamics of the
Universe. Einstein found in those equations that the Universe should be expanding or contracting,
something entirely incompatible with the prevailing notion of a static universe1.

In 1923 Friedman managed to solve the equations of motion for general homogeneous and isotropic
Universe models within the context of General Relativity. Following his seminal yet at the time insuf-
ficiently recognized contributions, it was the Belgian priest Georges Lemaitre who not only indepen-
dently solved the same equations in 1927 but also realized its physical ramifications. Extrapolating
backward in time he saw that an expanding Universe should have had a beginning in an extremely hot
and dense phase. With some measure of imagination, he indicated this primordial state by the name

1He did not believe these results, and hence, introduced an extra term into his equations of motion in such way to produce a
static Universe. This term is called the Cosmological constant and its denoted by the Greek letter Λ
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of ‘Primeval Atom’. Soon thereafter, in 1929, these theoretical ideas found a firm root in reality when
Edwin Hubble discovered that galaxies recede from us with a velocity increasing as they are located
at a larger distance. This universal relation we commonly know as Hubble Law, and since Hubble’s
early results it has been followed throughout the observable Universe as our instruments managed to
peer into larger and larger depths. Without doubt this discovery has been one of the greatest scien-
tific revolutions in human history, providing the first clear and conclusive evidence that our Universe
is not static, but “expanding”! In the past few years the accuracy of modern space instruments have
lead to a convergence of the estimated expansion rate of the Universe to a value in a narrow range
around H0 ≈ 71 km s−1 Mpc−1 (known as the Hubble constant). For each Megaparsec2 of distance,
the recession velocity of a distant object appears to increase by 71 km s−1.

With the new observational evidence of an expanding universe, a whole new set of questions con-
fronted the astronomical community. What was the nature of this expansion? Would the expansion last
forever? Would the Universe expand gradually until reaching a dynamical equilibrium remaining in a
static state forever? Would the universe reach a critical point from which it will start to contract until
reaching the opposite point of the Big Bang, the Big Crunch? These questions remained unanswered
for a long time, since there were no conclusive observations which could answer them convincingly.

One aspect of the expanding Universe proves to be of instrumental importance in our ability to
explore the physical circumstances and processes in both the early as well as the future Universe. The
FRWL Universes all involve an adiabatic expansion, which enables us to predict the temperature and
density of its constituents at each instant of time. In other words, the radiation and matter constituents
cool down as the universe expands. Reversely, as we extrapolate backward in time and the universe
shrinks in size we see both its density and temperature rising. Over the past half century this proved to
be the key for accumulating an impressive amount of evidence in support of the Hot Big Bang theory.

Amongst a range of tests, some four to five pieces of observational evidence have become the
most solid pillars of the Big Bang cosmology. Perhaps the most straightforward one is the fact that
the Big Bang offers an explanation for an amazingly simple observation by Olbers in the early 19th

century: the sky at night is dark ! Only in a Universe with a finite age and with a finite velocity of
light this may be understood. Evidently, it was Hubble’s (isotropically) expanding universe which not
only forms a telling confirmation of the reality of the FRW description but may also be regarded as
the beginning of cosmology as a “physical science”. Maybe most tantalizing are the two observational
results reaching to much earlier epochs of our cosmos. The incredible precision with which the Hot
Big Bang theory manages to predict the products of the very early phase of primordial nucleosynthesis
of light chemical elements brings us back to the first three minutes of the Universe. The prediction
of an isotropic blanket of cosmic thermal radiation, with a mind-boggling precise blackbody spectrum
with a temperature of T ≈ 2.725◦K, enabled us to turn its discovery in 1965 into the final conclusive
proof of the Hot Big Bang’s reality. The nickname coined by Fred Hoyle in 1950 had turned into a
honorary title !

Some three minutes after the Big Bang, when the temperature of the Universe had cooled down to
a few billion degrees, the Universe had turned into a gigantic nuclear reactor. The light chemical ele-
ments of Deuterium, 3Helium and 4Helium, as well as a trace of Lithium, managed to form before the
cosmic expansion turns off its “nuclear power”. The fact that the Hot Big Bang offers the explanation
for the fact that 24% of the mass of all baryons in the world is one of its most convincing victories.

In the subsequent hundreds of thousands of years photons, in close interaction with a tiny residual
of electrons and protons3, reached equilibrium and distributed their energy into an almost perfect
blackbody spectrum. Around 279,000 years after the fact the temperature of the Universe had cooled
to a mere 3000◦K, upon which protons and electrons manage to combine into forming Hydrogen atoms
during this “Recombination” event4. Almost coincidental is the resulting “decoupling” of radiation
and matter. No longer scattered by freely floating electrons, photons assume a long journey along

2One parsec is 3.26 light-years. Mpc =Megaparsec ≈ 3 260 000 light-years ≈ 30 860 000 000 000 000 000 km.
3It is good to realize that our Universe is a highly abnormal physical system in that it has 2 billion photons for each baryon !
4For historic reasons, this resulted into the epoch acquiring the name “Recombination”. Evidently, this is a misnomer as it

was the very first time electrons and protons went in communion.
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the depths of a virtually transparent Universe. These photons of the Cosmic Microwave Background
[CMB], having retained their almost perfect blackbody spectrum, appear to have originated from the
surface of last scattering. This surface marks the location of the atoms from which the observed
CMB photons were last dispersed5. Since then, the gradual expansion of the Universe goes along
with a proportional cooling down of the photon temperature, having reached a present-day value of
T ≈ 2.725◦K.

A continuously rising flood of new cosmological observations, stemming from larger and larger
depths in the Universe, has lead to a converging consensus regarding the Universe we are living in.
With impressive accuracy a rather remarkable set of values for the crucial cosmological parameters has
emerged, now commonly known by the name of “Concordance Model”6. Satellite experiments such as
COBE and WMAP, in conjunction with balloon-borne experiments such as Boomerang, have managed
to map in great detail the embryonic Universe at around the recombination epoch. Not only did they
show the validity of the Hot Big Bang, but they also convinced us that the Universe is flat, accurately
determined its age to 13.7 billion years and independently confirmed the baryon content suggested by
primordial nucleosynthesis. In combination with the ground-based mapping efforts of large redshift
surveys of galaxies, of which we may as yet mention the 100,000s of galaxy positions determined
by 2dFGRS and SDSS, we have been able to track the (dark) matter content of the Universe. The
greatest surprise got delivered by the programs for detecting and measuring Supernova Ia explosions
out to large depths in the Universe. They lead to the almost inevitable conclusion of the existence of an
elusive yet omnipresent “Dark Energy”. This mysterious medium would represent no less than 73%
of the energy content of the Universe. Ever since it started to dominate the dynamics of our Universe,
only as recent as some 7 Gigayears after the Big Bang, it has been propelling an acceleration of the
expanding Universe !!!!

Leaves us to state that even while the “Concordance Model” appears to form a good description
of reality we are left with a large number of unsolved riddles. The standard FRW model would go
nowhere to explain why the Universe appears to be so very close to “flat”, an issue which is commonly
indicated with the name of Flatness Problem. Also, it remains a puzzle why the Cosmic Microwave
Background has the same temperature in every direction while the cosmic horizon at recombination
is no larger than ≈ 1◦. This is known as the Horizon Problem. In conjunction with other possible
coincidences these issues have lead to an extension of the Hot Big Bang theory by an inflationary
phase transition during which the very early Universe got exponentially inflated by a factor of 60
orders of magnitude. Also, as we will see in the subsequent section, it may help in explaining the
origin of structure.

Cosmic Inventory: Matter and Dark Matter

When we look into the Universe the first thing we see is the light and radiation emitted by the stars.
Although they may be the most conspicuous and visible denizens of our Universe, they turn out to
represent only a minute fraction of the cosmic matter content. The latest estimates are that the stars
represent not more than 0.25% of the total cosmic energy content, 0.9% of its total matter content and
even no more than 5% of all baryons in the Universe. Planets, moons, asteroids and dust encircling such
stars represent an even more humbling fraction. There have been speculations that a highly abundant
population of extremely faint stars, brown dwarfs, or objects that just failed to ignite as a star would
make up for far more mass, but no convincing evidence to that end has been found. Neither have the
claims materialized for a vast amount of matter hidden in a graveyard of deceased stars, black holes or
extinguished white dwarfs. In addition to the hundreds of billions of stars which galaxies harbor, they
contain large amounts of gas. Radio telescopes have been able to map the diffuse neutral hydrogen and
the denser and more massive molecular gas clouds. Infrared and sub-millimeter wavelength telescopes
have peered into the cores of the latter, the birth cradles of the stars. Altogether, however, this accounts

5Some of these photons are responsible for ∼ 1% of our tv-set’s noise
6A probably more healthy and modest attitude would resort to the name of “Benchmark Model” (Ryden 2003)
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for not more than 30% of the mass found within the stars. A far larger amount of baryons has been
found within rich galaxy clusters. They contain huge amounts of extremely hot ionized intra-cluster
gas. At temperatures of around hundred of million degrees K this gas radiates at X-ray wavelengths.
It represents at least three times more matter than the galaxies roaming around within the same cluster
potential well. In total it may account for up to 0.7% of matter in the cosmos.

Gas and stars are made of the same material as we, baryonic matter mainly made up by protons and
neutrons. One of the great successes of the Hot Big Bang theory has been the prediction of the total
amount of baryons in the Universe, a mere 4.4% of the amount of mass needed to flatten the geometry
of the Universe. Adding up the above contributions, we find that most of baryonic matter has as yet
not been found. Really exciting is the accumulating evidence that perhaps up to 80% of the baryons is
swirling within the vast structures traced out by the Megaparsec cosmic web, in the form of a warm or
cool plasma.

A sobering thought is the realization that matter made up of baryons is only a minor constituent
of the cosmic inventory. By studying the motions of stars and gas in galaxies and that of galaxies in
the cosmos we have come to realize that they must be induced by the gravitational action of vastly
larger amounts of matter. While baryons cannot account for more than 4.4% of the critical mass of the
Universe, observations indicate that the total amount of matter should account for up to 27%.

The two first observational indications for the existence of a gravitationally dominant dark matter
component were forwarded by Oort and Zwicky in the 1930s. Oort found the stars in our Galaxy to
move faster perpendicular to the plane of the Milky Way than could be accounted for by all the stars
in the Galactic plane. Orbital motions of stars and gas clouds in the outer realms of galaxies appear to
hint at even larger quantities contained in an extended surrounding dark matter halo. In particular the
work by Groningen astronomers (van Albada & Sancisi) has played an instrumental role in reaching
these conclusions. Even more perplexing and stark were the discrepancies between gravitational and
luminous matter on even larger mass scales. Fritz Zwicky found in 1930 that the velocities of galaxies
in the Coma clusters were much too high for the cluster to remain gravitationally bound. If it were not
for the presence of at least 100 times more matter than seen in the form of stars, the cluster would fly
apart. Ever since, the presence of similar amounts of cluster matter has been found in every observed
cluster of galaxies. Not only this came to be inferred from the motions of the galaxies within the
cluster potential, but also from the thermal state of the heated X-ray emitting intra-cluster gas and from
the bending effect that the cluster has on the light paths of passing radiation emitted by background
galaxies (gravitational lensing). The trend continues on even larger Megaparsec scales: the cosmic
flows of galaxies as well as the recently measured cosmic shear, the “weak lensing” of light as it
travels through the inhomogeneous Megaparsec matter distribution, indicate similar or even slightly
larger amounts of dark matter.

As the total amount of cosmic matter is some seven times larger than the maximum amount of
baryonic matter, the detected dark matter has to be a form of “nonbaryonic matter”. As yet we do not
have any direct and compelling evidence for what it may be. A large variety of potential candidates
have been forwarded as dominant matter component in nature. For a short time massive neutrinos
were a serious candidate, soon to be replaced by a class of exotic particles that are long-lived, cold and
collisionless, Cold Dark Matter (CDM). The identity of these dark matter particles is still unknown.
Nonetheless, speculations rife. The broad and speculative class of weakly interacting and massive
particles, WIMPs, or a very light particle called axion are as yet amongst the favorites.

At present Matter appears to account for 27% of the energy content of the Universe, of which
Dark Matter take up the major share. Since some years we have come to realize that Dark Energy
has an even larger share of 73%, although its nature is almost completely unknown. What we do
know, however, is that its nature does not allow it to cluster and therefore it does play a minor role in
the structure formation process. However, the latter is distributed evenly throughout the Universe and
because of its special nature (equation of state) it is unable to cluster. Thus, while both dark energy
and dark matter are both instrumental in steering the expansion and fate of the Universe, only matter is
able to cluster and therefore evolve structure. We therefore find Dark Matter as the decisive agent for
shaping the outcome of the structure formation process which lies at the core of the work presented in
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this thesis.

Gravitational Structure Formation

How then did all the planets, stars, galaxies and clusters of galaxies arise in an almost perfectly ho-
mogeneous Universe? The most plausible answer we have at is that of structure formation through
gravitational instability.

Tiny density and velocity perturbations got amplified by their mutual gravitational interaction.
Under the influence of the net resulting gravitational force, matter starts to migrate to slightly over-
dense regions where more and more matter accumulates. In turn, this growing overdensity represents
an even stronger gravity excess, amplifying the effect and ultimately leading to a runaway process:
gravitational instability. By contrast, regions with a density deficit have a slightly lower than average
gravitational attraction. Matter will stream out of these depressions towards the higher density regions,
leaving a gradually emptying and expanding void.

In the first phase of gravitational clustering, when the density perturbations are still moderate, the
resulting matter distribution is merely a more pronounced version of the initial circumstances. This we
call linear regime. Once the density fluctuations start to deviate substantially, matter concentrations
come to a halt, decouple from the global cosmic expansion, and start to contract. The subsequent
collapse proceeds along a sequence of characteristic anisotropic patterns. At first they acquire a planar
wall-like shape, followed by a contraction onto an elongated filamentary shape before reaching full
collapse and virialization into a clump of matter. The nature of the primordial fluctuations is respon-
sible for a second key aspect of gravitational structure formation, its hierarchical nature. Because the
fluctuations on small scales are more pronounced than the ones on large scales, the first objects to
form are the smaller ones. The larger ones form through the merging of smaller ones that had already
formed. This process of hierarchical structure formation seems indeed what we observe: galaxies are
much older than the more massive and more recently collapsed clusters of galaxies. On an even larger
scale, Superclusters have not even reached a collapse stage, at best they started to contract.

The way in which these hierarchically embedded structures have arranged themselves in the Uni-
verse contains a wealth of information on the structure formation process. They appear to be grouped
in planar or filamentary partially contracted superclusters, interconnected into a vast web-like config-
uration, interspersed by huge and empty void regions, stretching out along the observable Universe.

For testing the theory of gravitational instability we do need to find suitable structures and phenom-
ena. Preferably these should still retain a direct link to the primordial circumstances in the Universe, so
that we can interpret the resulting information rather directly. There is a variety of such cosmic fossils.
A major one are the temperature fluctuations in the microwave background, a direct reflection of the
tiny embryonic cosmic perturbations out of which structure has grown. A crucial one concerns a map
of the matter distribution on Megaparsec scales, the present-day product of the structure formation
process. On the basis of the assumption that the galaxy distribution is a fair reflection of the underly-
ing matter distribution, maps of the spatial galaxy distribution are perhaps the most widely analyzed
cosmic fossil. Propelled by the dynamics of the process, we may hope to find ample information in
the induced cosmic flows. They do indeed represent another important fossil, making the study of the
related peculiar velocities of galaxies a crucial additional field of attention.

Computer Simulations of the Universe

Theoretical cosmological models make predictions about the structure formation process of the uni-
verse. The cosmic structures that astronomers observe are the end products of a long and complicated
evolutionary process. For testing the structure formation scenarios cosmologists resort to computer
simulations that model the evolution of the Universe.

The use of computer simulations have developed into a major instrument for the study of the large
scale structure. They follow the evolution and formation of cosmic structures according to the theory
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Figure 2 — Representation of a portion of the Uni-
verse created by a computer simulated model.

of gravitational instability. N−body simulation codes have become the major workhorse for following
the various aspects of this evolution. In this computed universe, particles or fluid elements -which
represent either dark or luminous matter- are placed at locations where they were supposed to be at
very early times of our universe. By prescribing the force of gravity the system of particles is evolved
in time. Also more complex physical processes have been incorporated, enabling us to follow how and
when galaxies formed, or where most of the gas in the Universe is located.

Figure 2 shows the result of an N−body simulation. The gray scale is an indication of the density
(number of particles). In this way, black represents regions where there is a high concentration of
matter (galaxy clusters), gray for superclusters, light gray for filaments, and the lightest tone represents
the empty regions, voids. The filamentary structure (cosmic web) is clearly distinguishable. The good
agreement between the results from N−body simulations and the observed Universe is an ensuring
success for the theory of the evolution of the universe.

The Large Scale Structure of the Universe

When looking around, we notice that the basic constituents of the Universe are the galaxies. These
huge and truly magnificent agglomerations of up to hundreds of billions of stars are distributed
throughout the observable Universe. A common assumption is that their distribution reflects the
underlying matter distribution. This makes them an excellent tracer for mapping the structure and
infrastructure of the Universe.

Galaxies show a wide variety of sizes and morphologies. Many of them have a disk-like shape.
Within the disk we can often recognize bright spiral arms highlighted by young and blue stars. In
the center of such galaxies we find a bulge, a yellow-reddish ellipsoidal concentration of older stars.
A smaller fraction of galaxies are so-called “ellipticals”, whose spherical or elliptical body contains
mostly an aged star population, and with far less gas than the “spirals” (see Figure 1). While accounting
for most of the starlight in the Universe, in terms of numbers most of the galaxies are far smaller than
these two major classes. Often these have a more irregular and ill-defined shape, although a fair
fraction of these dwarfs appears to have an elliptical shape.

Our galaxy resembles a spiral galaxy, containing around 200 billion stars. Our Sun is an average
yellow dwarf star in the disk of the Galaxy, orbiting at a radius ≈ 8.5 kpc from the Galactic center7.

Galaxies themselves are far from evenly distributed throughout the Universe. On scales of tens
of Megaparsecs they appear to delineate an intriguing foamlike pattern that pervades the whole of

7A “kpc” is a kiloparsec. 1 kpc ≈ 30 860 000 000 000 000 km
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Figure 3 — Symbolic view of the Local Supercluster. Each dot represents a single galaxy. The gray surfaces
outline regions where there are more galaxies than the average number of objects. The most prominent galaxy
clusters are indicated by labels as well as the location of the Milky Way. (Credits: Brent Tully, The Large Scale
Structure of the Universe, www.ifa.hawaii.edu/ tully/outreach).

the observable Universe, the Cosmic Foam. On even larger scales, over ≈ 200 h−1Mpc, we cannot
recognize any real structure: on those scales the Universe reaches the homogeneity demanded by the
Cosmological Principle. On smaller scales, however, we find an intricate hierarchy of structures.

Individual galaxies are hardly ever isolated. Galaxies are usually found in groups and clusters,
which typically form part of still larger structures, superclusters. Groups of galaxies have fewer than
50 members, most of them spirals, except in very dense and compact groups in which many ellipticals
can be found. Clusters of galaxies are larger systems with more than 50 members up to thousands of
galaxies within a sphere of radius of 4 h−1Mpc. They are the most massive and most recent fully col-
lapsed objects in the Universe. The centers of the clusters are mainly populated by elliptical galaxies,
while spirals and irregulars populate the outskirts and surroundings.

Galaxies, groups and rich clusters are generally incorporated into larger structures known as su-
perclusters. Their sizes are in the order of 20 h−1Mpc or more and with a density in the order of a few
to ten times the average cosmic density. Dynamically these structures are on the verge of halting their
expansion, while a lot of them started contracting already, although as yet far removed from collapse.

A nice illustration of this hierarchical embedding is provided by our own Milky Way. It belongs
to a small group of galaxies, the Local Group. Among its approximately 40 members it is mainly
dominated by the two most massive galaxies, Andromeda and the Milky Way. The Local Group sits
near the outer edge of a bigger association of galaxies known as the Local Supercluster. It consists of
several groups of galaxies, a few poor clusters and one very rich cluster at its center, the Virgo Cluster.
Figure 3 provides a view of its structure, with each white dot representing a galaxy. We are located at
the bottom of the plot. The prominent clusters are indicated by labels along with our location at the
bottom of the figure.

One way of assessing the cosmic matter distribution is through the study of maps of the galaxy
distribution. If one could see a panoramic view of the distribution of galaxies beyond the Milky Way,
the result will resemble Figure 4. This image is composed of over 1.6 million galaxies (represented by
dots) listed in the survey All-Sky Survey Extended Source Catalog of The Two Micron All Sky Survey
(2MASS). Major nearby matter concentrations are labelled. Quite evident are the many overdense
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Figure 4 — Chart showing the galaxy distribution, orientation and location of Large Scale Structure in the local
Universe projected on the sky. Clusters and superclusters of galaxies, filaments and some “empty” regions can be
noticed in the map (Credits: 2MASS Extended Source Catalog, courtesy of T. Jarret and 2MASS/UMass/IPAC-
Caltech/NASA/NSF).

regions, prominent galaxy clusters and superclusters, characterizing the large-scale structure of the
nearby universe. Note that locally our Universe looks far from isotropic. It is important to realize
that the apparent large projected size of our Galaxy is only an artifact of its proximity. Because of
our location within the disk of the Milky Way our view in the visible light got obstructed by the dust
it contains. Now with the micron wavelength 2MASS map we are suddenly confronted with a much
clearer view of our surroundings. Previously hidden from view, the presence of the Great Attractor (H
in Fig. 4) forms a telling illustration.

For a full spatial view of the galaxy distribution we need to know the distances to the galaxies.
Direct distances are difficult to measure. Here the Hubble expansion of the Universe proves a great
help. While it says that the recession velocity of a galaxy is directly proportional to its distance, we
may hope to estimate its distance from its velocity. The latter is a lot easier to measure on the basis of
the redshift of the light emitted by the galaxy. Akin to the lower tone of an ambulance’s siren when it
speeds away from us, the light of a galaxy becomes redder the faster it moves away from us. Hence,
measuring the redshift of a galaxy is a useful shortcut to determining its distance.

We have been gradually revealed the intriguing patterns in the galaxy distribution shown in Fig-
ure 5. It depicts the galaxy distribution by the Two degree Field Galaxy Redshift Survey (2dFGRS) in a
strip of the sky. In this map, the Milky Way is located at the center of the two cones and single galaxies
are represented by points. The position of each galaxy in the map is given by its redshift and its posi-
tion in the sky8 (cf. Fig. 4). The result is a true spatial map of the distribution of galaxies and matter
in our local Universe. Galaxies, clusters and superclusters are embedded in a web-like pattern. The
superclusters mark the filamentary bridges and planar walls in this network, with the clusters located
at the densest nodes. These structures surround large roundish regions nearly devoid of galaxies, the

8Notice that in this figure it looks as if there are less galaxies far away from us. However, this is a mere artifact because it is
much harder to observe more distant galaxies than nearby ones. Distant galaxies are fainter and thus harder to detect.
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Figure 5 — Map of how galaxies are distributed in space as a function of distance from us according to the
2dFGR Survey. Notice how matter is clumped at some specific regions (clusters & superclusters of galaxies),
while there are also empty regions (voids). (credits: 2dF Galaxy Redshift Survey team).

voids. We have come to realize that this Cosmic Web is indeed one of the most dominant characteristics
of our Universe.

Cosmic flows

While on large scales the Universe expands roughly at the same rate (called the Hubble flow), this is
not true for individual galaxies. Velocity measurements of individual galaxies show that they deviate
from the Hubble flow. These deviations are called peculiar velocities of galaxies.

Migration flows of cosmic matter are one of the major manifestations of cosmic structure growth.
Indeed, under the assumption that cosmic structure originated from small-amplitude density fluctua-
tions that were amplified by gravity, peculiar velocities and matter perturbations are intimately coupled.
The cosmic flows move out matter toward regions where ever more matter accumulates, gradually as-
sembling the structures we observe in the universe.

Because peculiar velocities are the result of the combined gravitational force of all matter concen-
trations in the Universe, they are not only tracing the local matter distribution but also the surrounding
and more distant structures. Also, as gravity is induced by luminous as well as dark matter, the cosmic
flows form a direct probe of the total matter distribution. Potentially one can use the velocity field to
reconstruct the corresponding density field and vice versa.

Substantial efforts have been directed toward accurately measuring peculiar velocities and to cor-
recting possible random and systematic errors. It is necessary to determine the real galaxy distances
instead of redshifts, which also reflect the involved peculiar velocities. Surveys of peculiar velocities
are therefore limited to a considering smaller region than those of galaxy redshift surveys.

The velocity field is more sensitive to the large scale modes of the cosmic matter distribution, and
less so to the small scale details in the density field. This renders it crucial for sensible reconstructions
of the peculiar velocity field to reach out to sufficiently large volumes. These should include all relevant
matter concentrations that may influence the peculiar velocity field.

One of the most massive nearby matter concentrations known as the Great Attractor was first
discovered through the study of peculiar velocities. Unknown from optical images of the sky, it were
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Figure 6 — Model of galaxy pecu-
liar velocities inferred from the mat-
ter distribution. Velocities are repre-
sented by arrows which are propor-
tional to their magnitude. The con-
tinuous lines (contours) delineate the
matter distribution, small areas en-
closed by contours indicate very mas-
sive structures, dashed lines indicate
voids. The labels mark the position
of the largest structures in the field:
V: Virgo cluster, LS: Local Superclus-
ter, H-C: Hydra-Centaurus, Sh: Shap-
ley, P-P: Perseus-Pisces superclus-
ters, P-I-T: Pavo-Indus-Telescopium
complex, Cet: Cetus wall, Sculp:
Sculptor void (Credits: E. Romano-
Dı́az et al. 2004, with data from E.
Branchini).
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the peculiar velocity flows which pointed us to a region hidden behind the plane of the Milky Way as
the dominant source of our cosmic motion. Now we have learned that this region consists of a massive
nearby cluster, A3627, extending out to the Hydra-Centaurus supercluster.

Arguably one of the best illustrations of the intimate relationship between the matter distribution
and the velocity field is that inferred from the Point Source Catalog Redshift (PSCz). In Figure 6
our local group of galaxies is located at the center of the plot. The solid lines indicate overdense
regions, the dashed lines surround the underdense voids. By means of labels we have indicated the
major matter structures. The arrows indicate the direction and amplitude of the velocity field. Notice
the strong infall velocities into the most massive concentrations. Also the voids influence the cosmic
velocities as maybe discern from the region around the Sculptor void we see matter streaming out of
the voids towards the high density regions. The map shows our local group is rushing towards the
Great Attractor region inside the H-C supercluster.

This thesis

I have studied the environmental and dynamical effects that the large scale structure of the Universe
exerts upon some of the main large cosmic structures such as clusters of galaxies and filaments. I have
specifically studied the peculiar velocity field of galaxies and the matter distribution within the Local
Supercluster. For these purposes I have applied the Least Action Principle and applied and extended
the new DTFE method to obtain a fully volume-covering velocity field.

While most of the data used in this thesis is simulated data produced by computer codes, we
conclude with applications of the involved techniques to data of the real Universe.

Beyond the linear regime: the Least Action Principle

As the structure formation process evolves with time, matter concentrations increase their density
beyond the moderate density values prone to the description of linear theory. Even for such advanced
non-linear stages, it has proven to be possible to predict the corresponding cosmic flows. One such
scheme for following the evolving matter distribution into a more advanced state is the Least Action
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Figure 7 — Reconstruction of galaxy orbits
by means of the Least Action Principle. The
dots represents the actual galaxy positions,
while the stream lines indicate their trajecto-
ries back in time.

Principle. This method can trace galaxy orbits back in time, given the current positions and requiring
that the peculiar velocities initially vanish (a condition fulfilled because the Universe was relatively
smooth and motionless in early epochs). With this method it is possible to estimate the velocity of
each object at any epoch. Figure 7 illustrates the orbits reconstruction of a set of test galaxies (dots).
The stream lines indicate the galaxy motions as the universe evolved. Notice how at dense regions
the orbits become more deflected than those of more isolated galaxies, emphasizing why it is more
difficult to study peculiar velocity fields in very dense regions.

From a set of mock catalogs obtained from N−body simulations, we have modeled peculiar ve-
locity fields. An efficient implementation of the Least Action Principle, the Fast Action Minimization
method [FAM], was used to achieve this. The main benefit of using FAM is that it allows one to follow
the motion of particles into dense regions, even for a large number of particles9. In order to assess
the reliability of these modeled velocity fields, we have compared them with the “real” velocity fields
from the N−body experiments.

The most important results of this part of my research are:

• In the first part of this thesis we have analyzed the peculiar velocity field (from N−body sim-
ulations) of regions similar to our Local Supercluster. We have studied the influence of the
mass distribution beyond the Local Supercluster on the local dynamics. Results show that in all
plausible cosmological scenarios the mass distribution outside the Local Supercluster does sig-
nificantly affect the local dynamics. We have shown that it is possible to account for this effect
and to characterize this external influence by means of only a few dynamical terms. The accu-
racy of our results depends on the cosmological model considered and the exact configuration
of the system.

• In order to draw more concrete conclusions about the influence of the external large scale matter
distribution on the dynamics of the Local Supercluster, we used the Constrained Random Field
method. The properly moulded initial conditions, designed to match the mass distribution in
our Local Universe as closely as possible, were evolved by means of an N−body code. Our
simulations have successfully reproduced some of the large scale features that shape our uni-
verse. Clusters similar to the Great Attractor, Perseus-Pisces and Hydra-Centaurus, could be

9Nevertheless this method still fails in reproducing the galaxy motions at the dense cores of galaxy clusters, although this
problem does not affect our main conclusions.
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recognized in our simulations. A detailed inspection of the simulations shows that they recover
the dynamical behavior of the real observed universe very well.

• The modeling of the resulting peculiar velocity field of the constrained simulations showed
that the mass distribution surrounding our cosmic neighbourhood (Local Supercluster) can be
characterized to a great extent by its bulk flow and velocity shear. The former characterizes how
the enclosed matter moves as a whole due to the surrounding external matter distribution. The
latter describes the distortion of the velocity field by the structures located beyond our sample.

• We have applied the FAM technique to model the peculiar velocity field from real data using
the Point Source Catalog redshift (PSCz) survey. In this study, we have searched for the main
structures responsible for moulding the peculiar velocity field of our Local Supercluster region.
Results indicated that at intermediate distances clusters like Hydra-Centaurus and Perseus-Pisces
(Fig. 4 and 6) play a dominant role over the Local Supercluster dynamics. At large distances,
structures like the Shapley Supercluster still influence our local cosmic vicinity.

Continuous velocity fields: the DTFE velocity algorithm

Having tested and elaborated upon the FAM method to trace galaxy orbits into the more advanced
stages of evolution, we follow up with an elaboration of a novel technique to process discretely sampled
velocities into a continuous volume-weighted velocity field.

Comparison of observed or simulated velocity fields with predictions from the theoretical models
is possible only if one makes the assumption that the observed fields faithfully trace the underlying
velocity field. In reality this is not the case. One only knows the peculiar velocities at the positions of
observed galaxies or simulation particles. Theoretical predictions are based on the assumption that the
velocity field is continuous and well defined within the considered volume. The resulting comparison
with theoretical predictions is therefore not always clearly defined. The compared fields may not really
be the same thing !

When comparing theory and observations, the measured velocity field is interpolated to all loca-
tions within the sampled volume, including the regions poorly sampled or devoid of data. Conventional
interpolation methods make use of kernels which in essence “average” the velocities of the particles
contained within the kernel. The cost of this approach is to erase any signal smaller than the kernel
size and to lose information at high-density regions. In many cases the interpolation procedure alone
is not enough, mainly at regions where the sampling is very poor. In addition the interpolation needs
to be follow up by a smoothing procedure. This assures one of a theoretically well defined scale for the
processed velocity field while it takes care of the assigning velocity values to poorly sampled regions.
The price of this smoothing procedure is the loss of any signal smaller the smoothing kernel.

Ideally, one would like to preserve the large and small scale regimes in order to allow consistent
studies of the peculiar velocity field. For example, the analysis of the small scale peculiar velocity
dispersion contains information on the total matter content and dynamical state within a given region.
When directly determined from the particle distribution itself it will lead to misleading conclusions
since the study will be biased toward regions where the sampling is good. A far better approach, as-
signing equivalent significance to the poorly sampled low density regions is to determine a continuous
covering velocity field.

Here, we work out an advanced interpolation scheme which adapts itself automatically to the ge-
ometry of the particle distribution, resolving both small and large scale velocity fields. This Delaunay
Tessellation Field Estimator [DTFE] (see Schaap 2005) technique for peculiar velocities has been
demonstrated to have very reliable velocity field statistics (Bernardeau & van de Weygaert 1996). The
DTFE is based upon a triangular network, known as Delaunay tessellation, which connects neighbour-
ing points in a fully adaptive and objectively defined fashion.

Following up on the introduction of DTFE, Figure 8 illustrates a discrete velocity field, sampled at
particle positions. It is modeled from the matter distribution as measured by the PSCz catalog for our
nearby Universe. The velocity arrows depicted in the right-hand frame, is the resulting DTFE velocity
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Figure 8 — Peculiar velocity field as inferred from the real galaxy distribution from the PSCz catalog in our
nearby universe. The left-hand panel shows the discrete velocity field, while the right-hand panel the continuous
volume-covering velocity field reconstructed by means of the DTFE velocity algorithm.

field. All structures present in the discrete map are also present in the DTFE map, but also the regions
without peculiar velocity data are fully covered.

The main results from the analysis of DTFE processed velocity fields can be summarized as fol-
lows:

• The DTFE velocity method can reconstruct small and large scale characteristics of the peculiar
velocity field. The processed DTFE velocity fields have the required characteristics that they are
continuous and volume-weighted over the whole sampled volume. With our actual implemen-
tation, velocity-related quantities such as the expansion or contraction of the velocity field, its
rotation, stretching and compression can be straightforward computed. Comparisons of DTFE
velocity fields to the theoretical predictions are in very good agreement. Results showed that
this technique is a major step forward in analyzing cosmic peculiar velocities at both small and
large scales, and studying the dynamics of the cosmic web.

• With the DTFE technique, we have studied how “cold” the local Supercluster is, i.e., how large
or small the velocity deviations from a pure Hubble flow are. The magnitude of these deviations
depends on the cosmological model. Observational studies have indicated that our local universe
is cold. Our method allowed us to draw more objective conclusions as we can estimate and
study the flow throughout the sample volume. Results indicated that our cosmic neighborhood
is indeed rather cold. The velocity deviations are very small, and our general movement is
governed by a strong coherent flow exerted by a very massive structure, the Great Attractor.

Detecting the cosmic web: filaments

In a project with J. Dietrich and P. Schneider, we have explored the weak lensing properties of the
cosmic web in order to detect filaments connecting two neighbouring clusters. Probing the mass
distribution in the outskirts of galaxy clusters is much harder than close to the cluster centre. We
have tested the accuracy and reliability of a method that in principle allows one to measure weak
lensing signals from filaments. We have done so by exploring filamentary configurations whose initial
conditions were set up by the Constrained Field technique. The constrained simulations were designed
to mimic as close as possible a real configuration of neighbouring clusters and a filament between
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them. Results showed that there is indeed a small yet detectable lensing signal from the filament that
has indeed been detected for the double cluster A222 and A223.

Significance and Prospects

The central theme of this thesis has been to help understand the origin and main characteristics of
the local peculiar velocity field of galaxies. This includes the large scale structures which influence
the dynamics of the Local Supercluster. The study of large scale structure is still advancing rapidly
from forthcoming new data, and will do even more so on the basis of more ambitious forthcoming
surveys. With better data and new theoretical and computational tools, cosmologists have the prospect
of solving several of the enigmas besetting our modern cosmological worldview. Amongst the most
important ones are the questions directly related to origin and fate of our universe: what is the nature
of dark matter and what is the nature of the dark energy?
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