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Chapter 3
Multiscale Morphology Analysis of the Cosmic Web

Nothing is yet in its true form.

C. S. Lewis

Abstract

We study several properties of the distinctive morphologies that comprise the Cos-
mic Web, namely clusters, filaments and walls. Our results are based on the output
from a cosmological N-body computer simulation. The morphological segmenta-
tion was performed with a novel technique: the Multiscale Morphology Filter. Our
results can be summarized as follows: i).- We found that while all morphologies
occupy a roughly well defined range in density, this alone is not sufficient to differ-
entiate between them given their overlap. More important, environment defined only
in terms of density fails in incorporate the intrinsic dynamics of each morphology
which may play an important role in both linear and non linear interactions between
haloes. ii).- We compute the relative volume occupied by clusters, filaments, walls
and the field as well as their respective mass content. iii).- Massive clusters have on
average more filaments connected respect to less massive ones. Clusters with a mass
of ∼ 1014 h−1 M� have on average two connecting filaments while clusters with
mass of ∼ 1015 h−1 M� have on average five connecting filaments. iv).- Density
profiles indicate that the typical width of filaments is 2 h−1 Mpc. Walls have less
well defined boundaries with widths between 5-8 h−1 Mpc. v).- We compared the
estimated linear density of filaments derived by Eisenstein et al. (1997) with the true
linear density of a sample of filaments. Our results indicate that the transverse ve-
locity dispersion in filaments is well correlated with their linear density supporting
the idea of a transverse virialization inside filaments.
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3.1 Introduction

The Megaparsec matter distribution in the Universe defines a complex dynamical sys-
tem. It is shaped by the anisotropic gravitational collapse of matter, modulated by

the overall expansion of the Universe. Gravity naturally gives rise to structures of great
complexity. Early attempts to map the large scale distribution of galaxies in the universe
(Gregory & Thompson, 1978; Geller & Huchra, 1989; de Lapparent et al., 1991; Shect-
man et al., 1996) revealed that galaxies are far from being evenly distributed across the
sky. On the contrary, the mass distribution delineated by galaxies seems to form an intri-
cate network of compact and dense associations interconnected by tenuous “bridges” or
“filaments” surrounded by surprisingly vast empty regions (Kirshner et al., 1981). These
preliminary studies suggested that the universe on the large scales could be described as
a cellular system (Joeveer & Einasto, 1978) or a Cosmic Web (Bond et al., 1996). This
has been confirmed in recent times by large galaxy surveys like the 2dF (Colless et al.,
2001), and the Sloan Digital Sky Survey (York et al., 2000). The advent of such large
maps unveiled a universe of great richness and complexity, featuring intricate filamentary
structures. These structures can be seen on scales from a few megaparsecs to immense
elongated and semi-planar patterns of tens and even hundreds of megaparsecs wide such
as the Sloan Wall, the largest known structure, spanning across more than 400 Mpc h−1

(Diaferio & Geller, 1997; Tittley & Henriksen, 2001; Stevens et al., 2004; Ebeling et al.,
2004; Pimbblet & Drinkwater, 2004; Pimbblet et al., 2004; Bharadwaj & Pandey, 2004;
Pimbblet et al., 2005; Geller & Huchra, 1989; Gott et al., 2005). Similar structures have
also been discovered in high redshift surveys (Cohen et al., 1996). Large cosmological
computer simulations have successfully reproduced such complexity of patterns (Efs-
tathiou, 1996; Jenkins et al., 1998; Evrard et al., 2002; Springel et al., 2005). They makes
us confident of our general understanding of development of structure. At the same time
feeding our curiosity by posing new challenges, in particular concerning the characteriza-
tion of the observed patterns in the large scale matter distribution, readily seen in galaxy
surveys and computer simulations but until now extremely difficult to asses in an objec-
tive way.

3.1.1 Anisotropic gravitational collapse

In the current paradigm structure formation is driven by the gravitational collapse of pri-
mordial clouds of matter in an expanding universe (Peebles, 1980; Bardeen et al., 1986).
Any small departure from sphericity will be amplified by gravity producing a runaway
process (Icke, 1973).

Hierarchical collapse

A characteristic signature of the formation of structures by gravitational instability is the
anisotropic nature of the collapse and its hierarchical character (Zel’Dovich, 1970; Icke,
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1973; Bond & Myers, 1996a; van de Weygaert, 2002). This is, the gravitational collapse is
not restricted to one single scale. It is a hierarchical process. The dominance of one scale
over the other is determined by the power spectrum of the fluctuation field. Scenarios
with a power spectrum P (k) ∝ kn where n > −3 result in a hierarchy of structures. In
the Cold Dark Matter scenario clumps of matter collapse under the action of gravity and
aggregate into larger systems which eventually also merge to form even larger structures.

The Zel’dovich approximation

As a first-order approximation we can describe the anisotropic collapse of a clump of
matter using a first-order Lagrangian prescription introduced by Zel’Dovich (1970). The
Zel’dovich approximation states that the trajectory of a particle may be described as a
ballistic displacement,

x = q −D+(t); ∇Ψ(q) (3.1)

where q and x are the Lagrangian and Eulerian coordinates respectively, Ψ(q) is the
perturbation potential and D+(t) is the linear density growth factor

D(t) ∝ H

∫ a

0

da

a3H3
. (3.2)

Applying a simple mass conservation relation ρd3q = ρ(x)d3x gives:

ρ(x) =
ρ

[1 −D+(t)λ1(q)] [1 −D+(t)λ2(q)] [1 −D+(t)λ3(q)]
(3.3)

where λ1, λ2, λ3 are the eigenvalues 1 of the deformation tensor,

ψij =
∂2Ψ
∂qi∂qj

. (3.4)

The eigenvalues of the deformation tensor determine the collapse of objects in Eulerian
space. In order for an object to collapse at least one of the eigenvalues must be positive,
so that the density ρ(x) diverges as D+ increases. We can differentiate between the final
collapse of objects in three general cases:

• Wall: λ1 > 0, λ2 < 0, λ3 < 0.

• Filament: λ1 > 0, λ2 > 0, λ3 < 0.

• Cluster: λ1 > 0, λ2 > 0, λ3 > 0.

1These eigenvalues correspond to the linear extrapolated potential field. They are different to the eigen-
values of the Hessian matrix computed from the density field used in the MMF.
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The Zeldovich approximation predicts the sequential collapse of a clump of mat-
ter first along the direction of λ1 producing a flat pancake, which subsequently col-
lapses again into an elongated filamentary shape to finally produce a spherical Cluster
(Doroshkevich, 1970; Icke, 1973; White & Silk, 1979; Arnold et al., 1982; Melott, 1983;
Shapiro et al., 1983; Bardeen et al., 1986; Shandarin & Zeldovich, 1989; Shandarin et al.,
1995; Pauls & Melott, 1995). This suggest a simple model for characterizing the cosmic
web in terms of three basic morphologies: two dimensional ”walls”, elongated ”fila-
ments” and compact spherical clusters. From the above discussion we can see that the
distinct morphologies present in the Cosmic Web can be identified with specific evolu-
tionary stages of the gravitational collapse. In other words, one can define a sequence of
morphologies each one associated to a well defined dynamical stage of the gravitational
collapse following the order:

walls → filaments → clusters.

Each of these morphologies define a unique cosmic environment that determines local
dynamical as well as gravitational interactions.

3.1.2 The Cosmic Web

The description of the Megaparsec matter distribution as an interconnected network or
a cosmic web is not a coincidence. While the Zel’dovich approximation describes the
collapse of a clump of matter it does not provide an explicit explanation for the observed
connectivity between morphologies. Early computer simulations already indicated the
close connection between each morphological component, namely that clusters sit at the
intersection of filaments and filaments are formed at the intersection of walls (Doroshke-
vich et al., 1980; Melott, 1983; Pauls & Melott, 1995; Shapiro et al., 1983; Sathyaprakash
et al., 1996). In order to understand the formation of structures of cosmological scales
and their close interrelation we must also take into account the influence from the global
distribution of matter.

Bond et al. (1996) introduced the “Cosmic Web” theory which describes the close re-
lation between the peaks in the density field and the overall weblike network: knowledge
of the tidal field at a few relevant locations in a region provides all the information needed
to predict the resulting large scale matter configuration. In the primordial density field
this can be traced back to a simple configuration consisting of a ”global ”quadrupolar
term and the resulting local tidal shear. Such quadrupolar term will yield invariably the
cluster-filament-cluster configuration which forms the structural base of the Cosmic Web.
In this construction the clusters sit at the nodes of the network and matter flows through
the filamentary bridges. This may be directly appreciated by assessing the density field
configuration implied by a certain tidal shear pattern (van de Weygaert & Bertschinger,
1996),
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Tij(r, t) =
3ΩH2

8π

∫
dr′ δ(r′, t)

{
3(r′i − ri)(r′j − rj) − |r′ − r|2 δij

|r′ − r|5

}
−

− 1
2
ΩH2 δ(r, t) δij . (3.5)

We can see that any local value of Tij has global repercussions for the generating density
field. This establish the close link between global and local properties such as the value
of the density field and the Megaparsec matter configuration. The Cosmic Web theory
provides a natural explanation for the emergence of the filamentary network as well as
the relation between the morphological components of the Cosmic Web.

3.1.3 Motivation and work plan

While great effort has been given in the past to describe the structural components of
the cosmic web, many questions still remain. To date there is no self-consistent frame-
work presenting a general view of the cosmic web, its structural components and their
intrinsic dynamics. Quantities as basic and general as the amount of mass and volume
content in clusters, filaments, walls and voids are still largely unclear. Some properties of
the filamentary network such as their internal structure and dynamics, evolution in time,
and connectivity properties, remain unclear or are difficult to compare between different
authors since there is a lack of a common framework to objectively define filaments and
walls.

The present study addresses the Cosmic Web in terms of its basic morphologies –
clusters, filaments and walls – identified on the basis of the Multiscale Morphology Fil-
ter (MMF). The MMF assigns a morphology of the local density field in terms of its
multiscale local second order variations. It allows us to identify and isolate specific mor-
phologies in an objective way providing us with a self-consistent framework. We will
focus mainly on filaments given the fact that they are the most prominent components
of the cosmic web and largely delineates its outline. Walls are far less prominent, more
tenuous and highly complex. We will therefore pay less attention to them. In some cases
we will also include clusters and voids in our analysis but always in the context of the
filament-wall network. This chapter does not seek to provide a comprehensive list of
properties of the morphologies in the cosmic web. This would require substantially more
time and resources. Instead, this work presents a general view of the cosmic web from
the point of view of their morphological components and introduces some of the tools
necessary for their characterization. Some of our results confirm previous findings while
many others have not been presented before.

This chapter is organized as follows: In section 2 we describe the cosmological sim-
ulation on which this work is based. Section 3 describes the resampling of the discrete
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particle set into a regular grid using the DTFE. Section 4 briefly describes the steps fol-
lowed in the morphological characterization of the Cosmic Web using the MMF. Sections
5 and 6 give an inventory of the cosmic web in terms of mass, volume and density. Sec-
tion 7 is perhaps the most general and broad in its goals. We introduce the tools necessary
for the description of filaments and walls and proceed to describe the filamentary network
and some of its global properties such as mass function, length distribution, density pro-
files, etc. Section 8 addresses the infall of matter in filaments and walls. In section 9 we
compare density estimations of filaments with actual measures in order to test the validity
of theoretical predictions. Our main results are summarized in section 10.

3.2 N-body simulations and halo catalogues

The work presented here is based on a cosmological N-body simulation containing only
dark matter particles. The simulation follows the evolution in time of a set of particles
“tracing” the underlying density field from a given set of initial conditions until present
time. We adopted the concordance ΛCDM cosmological model Ωm = 0.3, ΩΛ = 0.7,
h = 0.7 and σ8 = 1.0. Its size (150 h−1 Mpc) makes it suitable to study large structures
comparable to those seen in present galaxy surveys (Geller & Huchra, 1989; Gott et al.,
2005). The large number of particles (5123) allows us to achieve a mass resolution of
2 × 1010 h−1 M� per particle. The mass resolution and simulation box were chosen as
a compromise (given the computational resources available) between a box large enough
to contain a significant amount of large structures and at the same time the ability to
resolve haloes down to a few times 1011 h−1 M�. The simulation was performed using
the public version of the parallel Tree-PM code Gadget2 (Springel, 2005), running on
8 double processor nodes on the Linux cluster at the University of Groningen. Initial
conditions at redshift z = 50 with 5123 dark matter particles were generated using the
transfer function given by Bardeen et al. (1986):

TCDM =
ln (1 + 2.34q)

2.34q
(
1 + 3.89q + (16.1q)2 + (5.46q)3 + (6.71q)4

)−1/4
, (3.6)

where q ≡ k/Γ h Mpc−1 and Γ = Ω0h exp (−Ωb(1 +
√

2h/Ω0)) is the shape parameter
given by Sugiyama (1995).

The N-body data

We stored 20 snapshots starting at redshift 9 in logarithmic intervals of the expansion
factor until the present time. Additionally we generated 2563 and 1283 versions following
the averaging prescription described in (Klypin et al., 2001). These lower resolution
simulations were used to compute the density fields and to get a preliminary impression
of the structures present in the simulation box (See table 3.2).
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Figure 3.1: Particles in a slice of 10 h−1 Mpc along the z-axis (Top left). The middle panels show
particles from the 1283 and 2563 simulations (left and right respectively) in the zoomed region
indicated in the top left panel. The lower panels show the haloes identified with HOP (left) and
FracHOP (right). The circles are located at the center of mass of the haloes. The radius of the
circles are scaled with the mass of the halo as r ∝M1/3.

• The low resolution version (npart = 1283) was used to compute some properties of
filaments such as linear density and for visualization purposes. The resolution per
particle of this simulation allows us to resolve the main features of the large scale
distribution and at the same time is sparse enough to allow a clear visualization of
the particles (see figure 3.1). This is the simulation we use when (in the following
sections) we refer to dark matter particles, unless we state something different.

• The medium resolution (npart = 2563) was used to compute density fields taking
full advantage of the spatial information with the computing resources available.

• The high resolution version (npart = 5123) was used to produce the HOP and
FracHOP halo catalogues.
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Name Box size Ωm ΩΛ h σ8 Npart Mpart Softening
150High 150 h−1 Mpc 0.3 0.7 0.7 1 5123 2.09 × 109 18/6 h−1 kpc
150Med 150 h−1 Mpc 0.3 0.7 0.7 1 2563 1.67 × 1010 36/12 h−1 kpc
150Low 150 h−1 Mpc 0.3 0.7 0.7 1 1283 1.34 × 1011 72/24 h−1 kpc

Table 3.1: Parameters of the N-body simulation used in this work.

Figure 3.1 shows the distribution of particles in the 1283 and 2563 simulations as well as
the distribution of HOP and FracHop haloes plotted on top of the density field. Both HOP
and FracHOP haloes closely follow the patterns of the Cosmic Web. The only difference
between the two is that a given HOP halo can be formed by several FracHOP haloes.
The distribution of haloes delineates the Cosmic Web in a more sparse and smooth way
compared to the particles. Figure 3.1 indicates that haloes can be used as fair tracers of
the large scale matter distribution.

3.3 The density field

The output of the N-body simulation consist of a discrete set of particles. This must
be translated into a continuum volume-filling density field sampled in a regular three
dimensional grid. We used the Delaunay Tessellation Field Estimator (DTFE) introduced
by Schaap & van de Weygaert (2000) in order to reconstruct the underlying density field
sampled by the particles. The DTFE method has several important characteristics that
makes it suitable for its use with the MMF:

• Its self-adaptive nature makes it the perfect choice for a multi-resolution analysis
of the large scale matter distribution.

• The Delaunay tessellation follows the intrinsic anisotropies of the density field,
accurately describing the intricate patterns present in the cosmic web.

• It does not introduce artificial features.

Figure 3.2 shows a slice of 25 h−1 Mpc along the z axis of the simulation box. The top
right panel shows the particle distribution and the top left panel shows the corresponding
density field. A zoomed region is shown in the bottom panel. The density field recon-
structed from the DTFE provides with a representation of the structures in the particle
distribution. Highly dense clumps of matter are well represented as well as the tenuous
voids. Note the absence of artificial blobs in the inner regions of the voids. Also the grid
seen in the particle distribution is not present in the DTFE density field.
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Figure 3.2: Particles in a slice of 25 h−1 Mpc along the z axis (top left) and its corresponding
DTFE density field (top right) shown in logarithmic scale. The bottom panel shows the zoomed
region indicated in the top-right corner of the top-right panel.

3.4 Morphological Segmentation of the Cosmic Web

In this section we briefly summarize the steps involved in the morphological segmentation
of the cosmic web obtained from the N-body cosmological simulation. A detailed expla-
nation is given in chapter 1 where we describe the steps that define the MMF method.

The density field is the starting point of the morphological segmentation. The order of
the segmentation is determined by the decreasing degrees of freedom in the eigenvalues
of the Hessian matrix describing each morphology (see chapter 2, section 6) following
the sequence clusters → filaments → walls.
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Figure 3.3: Top: surfaces enclosing regions of space identified as clusters, filaments and walls in
the simulation box (left, middle and right panels). Bottom: the particles enclosed by the surfaces
in the top panels. Only the largest objects are shown for clarity.

3.4.1 Clusters

Figure 3.3 shows surfaces enclosing the largest clusters, filaments and walls identified
with the MMF and the enclosed particles. Each morphology is well differentiated and
occupies, by construction, mutually exclusive regions. The ability of the MMF to identify
the features of the matter distribution at different scales is suggested in the variety of sizes
of blobs in figure 3.3. A more detailed view is presented in figure 3.4 where we show:

A) The particle distribution.

B) Surfaces defining clusters identified with the MMF.

C) Particles identified inside MMF clusters.

D) HOP haloes corresponding to the MMF clusters.

The size of the objects seen in the particle distribution as well as the HOP haloes is related
to the size of the clusters identified with the MMF. The match is not perfect expected due
to the intrinsic differences between HOP and the MMF. This is illustrated in figure 3.5
where we show a comparison between the radius and mass of clusters identified with
HOP and the MMF. We computed the radius of HOP clusters as the maximum distance
from the center of mass to all particles. The radius of MMF clusters was computed as
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Figure 3.4: A).- All particles inside a sub-box of the simulation. B).- Surfaces enclosing regions
identified by the MMF as clusters. C).- Particles located inside MMF clusters (dark gray). The
rest of the particles are shown in light gray color. D).- Halos identified with HOP that have their
center of mass inside regions identified as clusters by the MMF. The MMF manages to identify
the dense clusters at their characteristic scale. This can be appreciated in panels C and D. The
match is reasonably good, be it not perfect due to the intrinsic differences between HOP and the
MMF methods. Projection effects also distort the real size of the surfaces enclosing clusters.

r =
(
Vblob

3
4π

)1/3

, (3.7)

where Vblob is the volume of all pixels defining an individual blob (cluster). The scatter in
the radius is large, showing a weak correlation between both radius. On the other hand,
the mass of HOP and MMF clusters is well correlated. This is not surprising since most of
the mass is located in the dense inner regions of the cluster. The radius however, is com-
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Figure 3.5: Scatter plot of the radius (left) and mass (right) of haloes identified with HOP and the
MMF. The radius of the HOP haloes corresponds to the virial radius

puted as the distance from the most distant particle from the center of mass. This measure
is sensitive to small fluctuations in the periphery of the clusters and to departures from
isotropy. This effect is larger for massive clusters since they are often highly elongated in
the direction of the filaments connected to them and the direction of large mergers which
induce anisotropy (van Haarlem & van de Weygaert, 1993). The radius of MMF clusters
is also affected by resolution effects since the grid size is large compared to the radius of
a small cluster. Clusters of galaxies identified with the MMF correspond to spherically
symmetric overdensities. Virialized clusters found in computer simulations often depart
from a spherical configuration. These effects account for most of the differences between
the two methods.

3.4.2 Filaments

Once clusters are identified we extract all the particles they contain and proceed to com-
pute a “cluster-free” density field with the use of the DTFE. This new density field con-
tains only structures associated with filaments and walls. This density field is used as
input for the identification of filaments in the MMF pipeline. Figure 3.6 shows a 3D view
of filaments inside a box of 50 h−1 Mpc of side. The isosurfaces enclosing regions of
space identified as filaments are shown in the bottom panels. The particles they contain
are shown in the top panels.

Filaments identified with the MMF are complex objects. They feature a large variety
in length and thickness. Note that the regions where clusters sit (see the large cluster at
the top left corner) are also covered by the filament mask. We explicitly exclude regions
identified as clusters from the filament mask. Filaments pervade through space “connect-
ing” all the regions in the box. Some small dots can be seen mostly isolated and with no
relation to their surrounding structures. These correspond to regions that have a spurious



3.4. Morphological Segmentation of the Cosmic Web 91

Figure 3.6: 3D stereoscopic view (cross eyed) of the isosurfaces enclosing filaments (bottom
panels) and the enclosed particle distribution (top panels). The box corresponds to the zoomed
region shown in Figure 3.1

filamentary nature. These spurious identifications are discarded from the filament mask.
Filaments identified with the MMF follow the intrinsic scale of the real filaments. Note
that the particle distribution is far from homogeneous. Filaments are delineated by small
dense clumps of matter and diffuse matter between them. The 3D visualization allows us
to appreciate the three-dimensional nature of the filaments and it highlights their connec-
tivity. It is clear that a description of such complex systems require advanced methods of
analysis in order to take full advantage of the MMF.
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Figure 3.7: 3D stereoscopic view (cross eyed) of the isosurfaces enclosing walls (bottom panels)
and the enclosed particle distribution (top panels). The box corresponds to the zoomed region
shown in Figure 3.1

3.4.3 Walls

After extracting the particles located inside filaments we proceed to the last step in the
morphological segmentation. This corresponds to the identification of walls from the
cluster & filament free density field. This new density field contains only features of a
planar nature along with noisy structures that can not be clearly identified to any of the
three basic morphologies.

Figure 3.7 shows a 3D view of the walls identified inside a subbox of 50 Mpc h−1

of size. We show the isosurfaces delineating regions of space identified as walls in the
bottom panels and the particles they contain in the top panels. Walls are the most ten-
uous coherent structures and their identification poses a major challenge (Melott, 1983;
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Klypin & Shandarin, 1983; Shandarin et al., 2004). Due to their tenuous nature and com-
plex topology walls are the most difficult morphologies to characterize. In general walls
identified with the MMF are far from regular planar objects. They have highly crum-
pled shapes with no obvious topology. Because they are multiply-connected objects it is
difficult to identify isolated walls from the extremely complex wall system. It is not sur-
prising that walls still remain the most challenging features to identify and characterize.
The MMF successfully does manage to identify them. Given their complexity we only
assess their basic properties.

The MMF only provides us with a segmentation of the distribution of matter ac-
cording to their intrinsic morphology and scale. The global properties of each morphol-
ogy such as mass and volume content can be computed directly from the output of the
MMF. Other properties such as length of filaments and density profiles require some post-
processing steps. The algorithms used to analyze the output of the MMF are described in
the following sections.

3.5 Mass, volume and density of the Cosmic Web

Figure 3.8 shows the morphological segmentation of the 150 h−1 Mpc simulation (150L
in table 3.2) obtained with the MMF. This figure illustrates the large scale distribution of
matter as an interconnected network of filaments (dark gray) defining the boundaries of
walls (light gray), and the blobs (black) located at the intersections of the network. For
clarity we only show the largest structures, they were selected such that the individual
components of the Cosmic Web could be easily identified. Including all the objects would
fill the line of sight with walls and filaments. This novel visualization of the cosmic web
in its three basic components allows us to reach a level of abstraction by avoiding spurious
details and concentrating only on the significant features. This is particularly useful to
visualize the intricate filament-cluster network.

3.5.1 Mass and volume content

In order to understand the role of clusters, filaments and walls in the shaping of the cosmic
web it is crucial to determine their relative abundances in terms of volume and mass. Such
quantities may provide crude estimates of the dominance of one morphology with respect
to the other in shaping the cosmic web and driving its overall dynamics.

Table 3.5.1 shows an inventory of the cosmic web in terms of volume and mass con-
tent. We measured the mass and volume content as the total mass enclosed inside pixels
of a given morphology. Clusters occupy the smallest volume fraction in the cosmic web
with only 0.38 %. Nonetheless, they also represent a major share of the mass (28 %)
making them by far the densest objects and the dominant component of the overall dy-
namics. Filaments contain most of the mass in the universe (39 %) and almost 10 % of
the total volume. Their density, as expected, is lower than that of clusters. They represent
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Figure 3.8: Cosmic web delineated by filaments (dark gray) and walls (light gray). Clusters (dark
gray) are located at the intersection of filaments. Only the largest structures are shown for clarity.

the most salient component of the Cosmic Web and play an important role in the local
dynamics. Walls contain a small fraction of the mass (5.45 %) and occupy a relatively
small volume (4.89 %), making them the most tenuous coherent structures. The different
density contrast of clusters, filaments and walls reinforces the idea of an increasing order
in the gravitational collapse as walls → filaments → clusters.

Compare these numbers with the theoretical prediction from (Doroshkevich, 1970)
where he shows that in the linear regime 92 % of the mass will collapse into walls,
filaments or clusters. The remaining 8 % corresponds to the underdense voids. It is
difficult to establish a direct comparison to our results since the MMF is a multiscale non-
linear filter while the predictions from Doroshkevich (1970) apply to linear density fields.
The MMF performs the morphological characterization in terms of the matter distribution
that is already in the semi-linear regime (walls and filaments) and well into the non-
linear regime (clusters). The infall regions of clusters, filaments and walls have a unclear
morphology and are discarded by the MMF and added to the field. This ignores regions
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Figure 3.9: Pie diagram showing an inventory of the Cosmic Web in terms of volume (left) and
mass (right).

that eventually will collapse but are not selected by the MMF given their intermediate
morphology. The net result is an overestimation of the mass and volume content of the
field at expenses of the infall regions in clusters, filaments and walls. This is related to the
problem of defining and identifying a given morphology from a highly complex system
such as the Cosmic Web. The MMF selects only those regions with a clear morphology
and contrast.

Clusters filaments walls field
Volume filling (%) 0.38 8.79 4.89 85.94
Mass content (%) 28.1 39.2 5.45 27.25
Mean overdensity 73 4.45 1.11 0.31
Median overdensity 11.5 1.65 0.88 0.30
Standard deviation 587.6 11.4 2.61 0.52
Kurtosis 58.7 44.8 160.5 142.1

Table 3.2: Inventory of the Cosmic Web in terms of volume and mass content as well as some
basic statistical measures. The overdensity is defined as Δ = (ρ− ρ)/ρ. Mean, median, standard
deviation and kurtosis are computed from the distribution of Δ.

3.6 Density segregation of the cosmic web

The differences in mass and volume content derived for each morphology define char-
acteristic density ranges. It is often assumed that these elements do mark out a unique
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Figure 3.10: Cumulative (left) and density (right) probability distribution of the density contrast
in blobs, filaments, walls and the field (dotted, dashed, dotted-dashed and solid respectively). The
thick gray lines indicates the distribution corresponding to all the volume.

density regime with no overlapping values. This assumption is the base of the use of
overdensity as one of the most widely used criteria to identify clusters (Lacey & Cole,
1994; Eke et al., 1996) and filaments (Shandarin et al., 2004; Dolag et al., 2006). Figure
3.10 shows the cumulative and probability distributions of the overdensity δ in pixels lo-
cated inside regions of space identified as clusters, filaments, walls and the field. Some
observations can be made:

• Clusters are the densest objects, with a median overdensity of ∼ 11.5 and a mean
overdensity of ∼ 73. The range of overdensities extends to more than 100 and even
1000 inside large virialized clusters.

• Filaments and walls have medium overdensities (mean 4.45 and 1.11 respectively
and median 1.65 and 0.88 respectively).

• The field should be mostly identified with the most underdense regions. We find
them on average to correspond to overdensities of ∼ 0.3.

Figure 3.10 suggest that each morphology occupy a characteristic range in density.
In general this is not an accurate description of reality. A morphological segmentation in
terms of density alone would require (at least) the low-density tail of the distributions in
figure 3.10 to be non-overlapping. However, there is some overlap between morphologies
that can not be ignored. A segmentation of the cosmic web in terms of density alone will
surely introduce contamination by the inclusion of adjacent morphologies (in density).
Figure 3.10 emphasizes the ability of the MMF method in disentangling the cosmic web
into basic morphologies independently of their density contrast.

The low values of δ we find seem to be in contradiction with the fact that both fila-
ments and walls are self bound objects detached from the overall expansion of the Uni-
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verse. Is is important to note that the overdensity distributions correspond to the values
at the position of each pixel, not to their enclosed overdensity. The local values at the
position of each pixel can be even underdense compared to the mean. The low mean and
median values reflect the fact that there are more (low overdensity) pixels in the regions
surrounding the dense inner regions of clusters, filaments and walls.

There is also a bias toward low densities in structures identified with the MMF. This
is the result of the global criteria used to separate between real and noisy structures by the
MMF (see chapter 2 section 7 for details). In a distribution where all filaments or walls
have similar properties such as contrast and physical extent this is the perfect choice. In
the real Universe, however, there is a large variation in the contrast and size of filaments
and walls. This means that we apply the same global criteria to faint and salient structures.
The result from this is a systematic inclusion of low density regions in the boundaries
of the regions defining faint structures. Since there is more mass in the high density
regions but the volume of the pixels is the same everywhere the net effect is a bias toward
lower densities. This may be alleviated by the use of a more restrictive criteria, in which
case we may also lose the very faint structures. The best approach may be to assess the
significance of structures locally. This is however more difficult to implement and will
be addressed in future studies.

Our density estimates are systematically lower than the real values. However, they
show that a density threshold alone (a global measure) is a poor discriminator of morphol-
ogy. Even when each morphology can be associate to a given density range in general
they require a more sophisticated characterization.

3.7 Filaments in the Cosmic web

The most salient features of the Cosmic Web are the large filamentary networks and the
immense walls interconnected across tens and even hundreds of megaparsecs. In this
section we focus on filaments identified with the MMF and study their general properties
such as length, density profile, connectivity, etc.

3.7.1 Filament and wall compression

Filaments and walls have a complex topology. Their general shape may be far from
idealized lines and planes. Properties such as direction, density profiles, extent and other
measures derived from these quantities are difficult to interpret or meaningless without a
proper reference point. We address this problem by defining their “heartline” in a similar
way as the center of mass in spherical clusters is used as a reference point. We define the
one and two-dimensional counterparts for filaments and walls. They will be referred to
as the “spine” of filaments and the “plane” of walls.

In order to infer the idealized lines and planes from the complex filaments and walls
we performed an iterative algorithm that compresses structures along their perpendicular
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Figure 3.11: Haloes in filaments before (left) and after the compression algorithm (right). Haloes
are indicated as white circles with sizes arbitrary scaled in terms of their mass. The gray back-
ground delineates the density field plotted in logarithmic scale.

direction (normal to the spine of the filament or the plane of the wall) by moving each
particle (or halo) to the center of mass inside a spherical window centered on the particle
until its position converges. The movement of the particles is restricted along the per-
pendicular direction to the spine of the filament or the plane of the wall (see appendix
3A for details). This procedure enhances filaments and walls compressing them closer to
idealized structures: filaments become one-dimensional lines while walls are compressed
to nearly planar two-dimensional sheets (see figure 3.11).

In the determination of spines and planes we based ourselves on dark matter haloes
instead of particles. Spines and planes derived from the raw dark matter particles tend to
cross the centers of large haloes since they contain most of the matter in the neighborhood.
This gives a similar result as with the use of haloes. However, in computing the density
profile the difference between particles and haloes can become important. The density
profile is dominated at small scales by large haloes, giving the false impression of highly
dense cuspy cores, or even worst, producing several “cores” for a single filament (Colberg
et al., 2005b).

3.7.2 The filamentary network

Figure 3.12 shows a slice of the simulation box in which filaments have been compressed
to delineate their spines. Gray circles indicate the location of clusters with masses above
1014 h−1 M� . This figure presents the cosmic web as a network of interconnected
filaments spread all over the space. The clusters sit at the intersections or “nodes” of
the network. The filamentary network permeates all regions of space, even the very un-
derdense voids. One important aspect of the filamentary network is its cellular nature
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Figure 3.12: Filamentary network in a slice of 20 h−1 Mpc. Back dots indicate dark matter
particles in filaments after the compression algorithm. Gray circles indicate the location of clusters
with M ≥ 1014h−1M�. The size is scaled proportional to their mass.

(Joeveer & Einasto, 1978; Zeldovich et al., 1982) which defines a hierarchical system
marked by structures over a range of scales (Sheth & van de Weygaert, 2004; Shen et al.,
2006). Large voids are delineated by thick large filaments. Each of these voids contain
subsystems of smaller filaments delineating smaller mini voids which in term form the
basis for even smaller systems (Dubinski et al., 1993; Schmidt et al., 2001; Sheth & van
de Weygaert, 2004; Shen et al., 2006; Platen et al., 2007). Also, large empty voids contain
extremely tenuous but rich filamentary systems only seen in high resolution simulations
(van de Weygaert & van Kampen, 1993; Gottlöber et al., 2003; Colberg et al., 2005b).
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3.7.3 Filament classification

Figures 3.13 and 3.14 show four examples of typical filaments. For visualization purposes
we plotted dark matter particles taken from the 1283 simulation in gray color and on top
of them the spine of the filament in black. Haloes delineate the same structures, be it
more diluted. In general we find that the level of complexity of filaments is related to the
surrounding large scale matter configuration. Filaments in the vicinity of massive clusters
form complex systems compared to less massive clusters.

The fractal nature of the filamentary network makes it difficult to classify individual
filaments since in principle they form a network that includes all filaments. The branching
properties of our filaments ultimately depends on the resolution limit of our simulation.
This is a natural consequence of the hierarchical development the Cosmic Web (Sheth
& van de Weygaert, 2004; Shen et al., 2006). Ultra-high resolution N-body simulations
show that even in the most underdense regions one can find systems of tenuous filaments
extending along the whole physical extent of the voids (Sahni et al., 1995; Gottlöber et al.,
2003; Platen et al., 2007).

On the basis of a rough inventory of the shape and morphology of the filaments in our
simulations distinguish four basic types:

• Line filaments do not have branches (or very few) and are mostly straight with
lengths in the order of 5-20 Mpc. They are often found as “bridges” between mas-
sive clusters. Shorter filaments are also more straight that large ones. They may
be identified with the intracluster filaments studied by Colberg et al. (2005b) and
filaments type 0,I,and II in the classification of Pimbblet et al. (2004).

• Grid filaments are often found crossing vast regions with no massive clusters
crossing them. They form the surrounding “net” enclosing large voids and are
almost invariably two dimensional, suggesting that walls are in fact delineated by
these kind of filaments. Even when they consist of several branches one can often
identify a main “path” or spine with smaller filaments running almost perpendicu-
lar to it.

• Star filaments have a well defined “center”, usually a cluster or large group from
which several “arms” stretch out. Star filaments can be considered a smaller ver-
sion of grid filaments. They are also two dimensional structures, suggesting that
grid and star filaments represent the same kind of structures.

• Complex filaments do not have a clear shape, they are often multiply connected
and it is difficult to define a main path or direction. These filaments can be found
in almost every environment.
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Line filament

Star filament

Figure 3.13: Three orthogonal projections of typical line (top) and star (bottom) filaments. Dark
matter particles are indicated by filled gray circles. The spine of the filament is also shown, by
black dots, in order to better delineate the shape of the filaments.
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Grid filament

Complex filament

Figure 3.14: Three orthogonal projections of typical grid (top) and complex (bottom) filaments.
Dark matter particles are indicated by filled gray circles. The spine of the filament is also shown,
by black dots, in order to better delineate the shape of the filaments.



3.7. Filaments in the Cosmic web 103

3.7.4 Isolating filaments

Describing the filamentary network is not an easy task due to its complex nature. The
MMF is a unique tool providing us with an objective measure of filamentariness at each
position of space but it still has limitations. The raw output of the MMF is a mask indi-
cating which regions of space belong to a given morphology. Filaments have a variety of
sizes and branch into smaller filaments which often are multiply connected. Such connec-
tivity information as well as the individual properties of filaments is not explicitly given
by the MMF. Post-processing procedures are necessary in order to identify and isolate the
individual structures. This ability is natural to the human brain, but its analog computa-
tional recognition poses a major challenge. A criterion must be defined which enables
the identification of individual elements forming the interconnected network. Almost
inescapably this involves the introduction of arbitrary measures.

In order to dissect the filamentary network into individual objects we exploit its per-
colating properties. We study the percolation properties of the density field contained
inside the filamentary network. This avoids the ambiguity in the segmentation of mor-
phologies based on density alone (see section 3.6). As we reach very low densities the
structures remain confined to the filaments and do not flood into walls or voids.

The percolation analysis studies the change in number, properties and/or connec-
tivity of objects defined as regions of space above a given density contrast threshold
δth ≡ ρth/ρ̄ − 1. The threshold varies across the complete range of values of the den-
sity field producing different sets of objects for each value of δth (Zeldovich et al., 1982;
Shandarin & Zeldovich, 1983; Shandarin, 1983; Klypin, 1988). The largest structure in
the percolation process (here referred to as the largest percolating filament 2) carries im-
portant information related to the topology of the density field (Shandarin et al., 2004).
The largest percolating filament has significantly different properties than the rest of the
(much smaller) filaments. It can be defined as a space-covering system which connects all
regions of space and does not change significantly after applying lower density contrast
thresholds. In the present work we study the change in mass as function of the density
contrast threshold defined in terms of a linking length:

Δ̃th =
(

4
3
π(llink)3

)−1

, (3.8)

where llink is a linking length between two dark matter particles. By iteratively asso-
ciating particles with separations equal or smaller than llink we are able to produce a
catalogue of filamentary structures. This is similar to the catalogues of clusters extracted
using the friends of friends algorithm. We rank the structures by their number of particles
(mass) to produce a list of the first, second, third, etc. most massive filaments.
Figure 3.15 shows the 10 most massive filaments identified over a range of density thresh-
olds δ > δth. This figure highlights the non-linear nature of the percolation process in

2We use the term filament since it is contained inside the filament Object Map, see chapter 2 for details.
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Figure 3.15: 10 most massive filamentary structures defined at several density contrast thresholds
δ = 0.2, 0.4, 0.9, 1.8, 2.9, 4.2 (from top to bottom and left to right). We plot each structure
with a different gray tone in order to differentiate between them.
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Figure 3.16: Mass ratio between the 1th, 2nd up to the 10th largest filaments and the total mass in
the simulation box. The horizontal dotted line indicates the total mass content in filaments (see
table 3.3).

which filaments merge with each other. Filaments defined by high densities are isolated
objects with a simple shape and topology. As one decreases the value of δth more mass
is added to the filaments from their surrounding shells. Filaments grow steadily with de-
creasing δth until at some point around δth ∼ 2 there is a significant change in the way
filaments grow. The steady inclusion of mass from adjacent regions with lower density is
no longer the main growth process. Instead filaments now merge with each other to form
super-filaments. As we reach even lower densities super-filaments continue to merge un-
til there is one single structure spanning across the entire volume, connecting opposite
faces of the periodic box, indicating the percolation of the filamentary network. This can
be clearly seen in figure 3.16 where we show the mass fraction of the 10 most massive
filaments with respect to the total mass in the simulation box and as a function δth. At
high values of δth the first and second filaments have similar masses. In fact, at this point
even the 10 largest filaments have masses in the same order of magnitude as suggested by
figure 3.15. As one reaches lower overdensities the filaments begin to merge with each
other. As a result of this the most massive filament approaches the total mass enclosed
by the filamentary network (∼ 40%, see section 3.5) and the mass of the remaining most
massive filaments decreases.

Shandarin et al. (2004) noted that individual objects identified by means of density
thresholds must be studied before percolation occurs. We use the same principle to select
the density threshold defining individual filaments. From figure 3.16 we see that the value
of δth just before filaments begin to merge with each other corresponds to δth ∼ 1. In
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practice we use a somewhat larger value of the threshold in order to eliminate possible
merging of filaments from thin bridges. The latter is a known problem of friends of friends
(Eisenstein & Hut, 1998). Visual inspection indicates that the difference is small. This is
a consequence of or restriction to regions identified as filaments by the MMF. There is no
transition of the filaments into walls and voids as we reach lower densities. After some
experimentation we use the value δth = 3 as the density threshold for the identification
of individual filaments (contained inside the filament mask).

3.7.5 Length of filaments

While describing filaments in terms of their mass is straightforward (see section 3.7.4)
their length and related physical properties present several complications given the branch-
ing nature of the filamentary network. Strictly speaking the filamentary network is a
system that connects all the filaments instead of being a set of isolated structures. Any at-
tempt to isolate individual filaments from the interconnected network will involve a level
of subjectivity.

Clusters provide a natural way of dissecting the filamentary network. They do not
only appear as the nodes of the Cosmic Web, but they also define the formation sites
of filaments (Bond et al., 1996). We proceed to isolate individual filaments by cutting
spheres of 2 h−1 Mpc of radius centered at the location of clusters with masses larger than
M ≥ 1014 h−1 M�. This has the effect of producing smaller isolated objects which can
then be easier handled. From this set of isolated filaments we produced a catalogue using
a friends of friends algorithm with a linking length corresponding to a density threshold
of δth + 1 = 4. In the construction of the filament catalogue we used haloes in order
to trace the large scale filamentary network and ignore small details. It also provides a
faster alternative to dark matter particles when computing the length of the filaments (see
below).

Filaments identified in this way often consist of complex systems composed by sev-
eral interconnected branches. The length of such systems is difficult to define or even
meaningless in the case of filaments with strong branching such as grid and star filaments
in which often it is not possible to define a main path. The length of a filament can be
defined as:

• The total length of all the branches in the filament, related to the fractal nature of the
filamentary network (Martinez et al., 1990). Its definition presents several practical
complications such as the identification of the branching points in the main path.

• The length of the main path of the filament (if such path can be identified) (Colberg
et al., 2005b; Pimbblet et al., 2004). The definition of a main path introduces an
arbitrary choice of the criteria used to define it.

Given the high level of complexity of the algorithms used to identify the total length of
filamentary systems we postpone their study for future work. instead, we concentrate on
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Figure 3.17: Polynomial fit (solid line) of two of the largest filaments in the simulation. Dark
matter haloes are represented by gray circles.

the length of the main path of the filament which to a first order can be identified as the
thickest or the longest branch.

The length of filaments was computed using a polynomial fitting of 3rd order which
is sufficient to describe the shape of our filaments (see appendix 3B for details). Figure
3.17 depicts two filaments extracted from the main catalogue. The best polynomial fit
is shown superimposed to the halo distribution. The fit manages to closely follow even
the most intricate filaments and also ignores small branches like in the case of the grid
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Figure 3.18: Probability density distribution of length (left panel) and mass (right panel) of fila-
ments (see text for details). Only filaments with more than 10 haloes were considered.

filament shown in the top panel of figure 3.17 crossed by several smaller filaments.
Figure 3.18 shows the length and mass distributions of our filament sample. We find

that small filaments are largely predominant over large ones, as expected in a hierarchical
distribution. Small filaments connect with each other to form massive filamentary struc-
tures. The largest (and more massive) filaments are the most prominent structures in the
Cosmic Web and the less numerous. Filaments with lengths of a few tens of Megaparsecs
are extremely rare. The same is true for filaments with masses larger than ∼ 1014 h−1

M� . In fact, we do not find filaments longer than ∼ 25 h−1Mpc or more massive than
1014 h−1 M� . Visual inspection of the Cosmic Web suggest that there are indeed fila-
ments spanning across several tens of Megaparsecs. Examples of those are the “spine”
of the Pisces-Perseus supercluster (Gregory et al., 1981; Giovanelli, 1983) and the pla-
nar filamentary system known as the Sloan Great Wall (Gott et al., 2005). However, such
massive systems are invariably “crossed” by clusters at several points. The method we use
to isolate filaments breaks all systems at their nodes, thus avoiding the largest structures.

3.7.6 Density profiles in filaments

Filaments are far from being smooth uniform structures. In most cases it is possible to
identify a highly dense spine surrounded by more diffuse matter. Filaments are also pop-
ulated by highly dense haloes resembling a “pearl neckles” in which haloes form bridges
between massive clusters. In spite of the prominence of the inner structure of filaments
there are just a handful of studies (Colberg et al., 2005a; Dolag et al., 2006) and studies of
density profiles in walls are known except for the theoretical work of Zel’Dovich (1970).

We computed density profiles in filaments by counting the enclosed number of haloes
(weighted by their mass) in bins of increasing radial distance from the spine of the fila-
ment. We use haloes instead of dark matter particles in order to avoid contamination at
small scales: large haloes dominate the density profile giving the impression of a cuspy
profile in the center or even producing several peaks near the center. The radial distance
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Figure 3.19: Mean enclosed density profile of haloes inside filaments (left) and 15 individual
examples (right). The profiles are scaled to 1 at the center of the filament. The thick gray line on
the right panel indicates the mean enclosed density profile of all filaments (shown for comparison).
The dotted line corresponds to a power-law fit of slope -2 indicating that no mass is added after
this radius.

of a halo with respect to the spine of its host filament is defined as the displacement of a
halo before and after we apply the compression algorithm described in section 3.7.1 (see
appendix 3A for details).

Figure 3.19 shows the enclosed density profile averaged over all the filaments (left
panel) as well as 15 individual filaments (right panel). The averaged curve shows a clear
change in the slope around ∼ 2 h−1 Mpc. The slope of the profile (∝ r−2) beyond that
point indicates that there is no more mass added at larger radii. This marks the aver-
age maximum extent of a filament. The enclosed density profile of individual filaments
presents variations. The extent of the filaments is of the same, however, their amplitude
differs significantly (Colberg et al., 2005a; Dolag et al., 2006).

The turn in the enclosed density profile at ∼ 2 h−1 Mpc. provides a simple criteria to
define the extent of filaments. The fact that there is a small variation between individual
profiles gives confidence on the use of this single value.

3.7.7 Filaments connected to clusters

Filaments are closely related to clusters. The presence of a coherent tidal shear field in
regions between pairs of clusters results in the emergence of filaments (Bond et al., 1996).
The strength of the filamentary bridge depends on the distance between the two clusters,
their mutual orientation and the correlation between the tidal shear and the density field
(Bond et al., 1996; Bond & Myers, 1996a; van de Weygaert & Bertschinger, 1996; van de
Weygaert, 2005; Colberg et al., 2005a). Visual inspection suggests that prominent clus-
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Figure 3.20: Three examples of clusters and their connected filaments.

ters are also associated with complex filamentary systems (Pimbblet et al., 2004; Colberg
et al., 1999, 2005a). Massive clusters are formed at the location of rare high density
peaks in the primordial matter distribution (Bardeen et al., 1986). They determine the lo-
cation of filaments by the tidal shear they induce in their neighborhood (Bond & Myers,
1996a,b,c). In the Cosmic Web picture described by Bond et al. (1996) filaments are the
transport channels along which clusters accrete mass (van Haarlem & van de Weygaert,
1993; Diaferio & Geller, 1997; Colberg et al., 1999).

Figure 3.20 shows three characteristic examples of clusters with masses in the range
1013 − 1014 h−1 M�. This figure suggest a relation between the mass of a cluster and
the number of filaments it has connected. Massive clusters seem to have more complex
filamentary structures connected to them while low mass clusters have a relatively simple
connection. Some remarks on figure 3.20 can be made:

• The left panel shows a cluster with two straight filaments connected to it. Its mass
(M ∼ 1013 h−1 M�) is characteristic of a group of a few tens of galaxies. It can be
considered to be the result of the fragmentation of a long filament via gravitational
instability. The infall pattern of matter into these clusters can be expected to be
highly anisotropic, mainly restricted to the direction of the connecting filaments.

• The cluster in the middle panel has a mass of a few times 1013 h−1 M�. It has
several filaments connected to it and we can also appreciate other clusters in the
vicinity.

• The cluster on the right panel is embedded in a highly complex environment. Sev-
eral filaments can be seen “branching” in all directions. It is not possible to identify
a main filament to which the cluster is connected.

In order to quantify the relation between the mass of a cluster and the number of con-
nected filaments we used the filament catalogue is described in section 3.7.5. We applied
the following criteria:
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Figure 3.21: Mean number of filaments as a function of the mass of the cluster to which they are
connected (solid line). Filaments are considered to be connected to the cluster is they contain at
least one halo inside a sphere of 2 h−1 Mpc centered in the cluster. The dotted line indicates the
1σ dispersion of the data around the mean.

a) A filament is connected to a cluster if it has at least one halo within a sphere of
radius 3 h−1 Mpc from the center of the cluster.

b) Only clusters with M ≥ 1014 h−1 M� were considered in our analysis.

Figure 3.21 shows the mean number of filaments connected to a cluster as a function of
the mass of the cluster. There is a clear trend for massive clusters to have more connected
filaments, although the dispersion is large. Clusters with mass ∼ 1014 h−1 M� have
on average two filaments connected while clusters with mass ∼ 1015 h−1 M� have five
filaments connected. Other studies have found a similar relation based on intracluster
filaments found in N-body simulations (Colberg et al., 2005a) and visually identified
filament-cluster connections from the 2dF galaxy survey (Pimbblet et al., 2004).

Figure 3.21 indicates that there are some clusters with only one filament connected.
This is not observed in the Cosmic Web and it is difficult to justify from a physical point
of view. It is the result of the method used to assign filaments to clusters. In some few
cases faint filaments connected to low-mass clusters are missed by our method.

The large dispersion in figure 3.21 reflects the complexity of the Cosmic Web. The
final matter configuration in the neighborhood of a cluster depends not only on its mass
but on the geometrical configuration of the surrounding clusters (Bond et al., 1996).
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3.8 Infall of matter in filaments and walls

Figure 3.22 shows the time evolution of a typical line filament (see section 3.7.3 ). This
figure clearly illustrates the anisotropic and hierarchical nature of the gravitational col-
lapse. The initial overdensity from which the filament emerges is already visible at z = 9.
The proto-filament starts its evolution as a system of branching sub-filaments that collapse
and seem to have no preferential orientation (z = 5.9). These subfilaments delineate a
rich system of small voids that pervade even the regions inside the collapsing filament
(z = 3.2 and z = 1.6). At this point the filament has not well defined boundaries and its
internal structure is highly complex. However, its main shape and direction are already
visible, as they are being shaped by tidal shear induced by the surrounding matter con-
figuration (Bond et al., 1996). Eventually the sub-filaments collapse hierarchically along
with the voids they delineate giving rise to the prominent filament seen at the present
time (z = 0) as well as the two large voids surrounding it (Sheth & van de Weygaert,
2004). Note that the direction of the main filament from the initial conditions remains
practically unaffected. However, the smaller sub-filaments are not completely aligned at
early epochs. They eventually collapse and get aligned due to the high coherence of their
surrounding tidal shear (Bond et al., 1996; van de Weygaert, 2002, 2005).

Figure 3.23 shows the velocity field (at the present time) of the region depicted in
figure 3.22. The coherence of the velocity field is remarkable. It is largely dominated
by the two clusters located at the top-left and bottom-right corners. Matter streams out
of the voids into the filament and the clusters. The velocity field in the interior of the
filament is polluted by small-scale interactions but one can still appreciate the flow of
matter towards the cluster on the top-left corner. The velocity field follows the “lines” of
the quadrupolar tidal shear. We can appreciate the compression component perpendicular
to the filament, being more prominent at large distances from the spine of the filament.
Also, the “stretching” of the filament along its longitudinal direction as matter flows into
the clusters. This stretching component is more prominent at the spine of the filament
where the tidal shear extends along the line between the two clusters.

Figure 3.24 shows the mean angle between the peculiar velocity of haloes and the
direction of their parent filament (left) or wall (right) as function of the distance form
their spine or plane. The angle between the peculiar velocity of the halo and its host
structure is given by:

cos θ = v · eF,W (3.9)

where v is the velocity vector of the halo at present time and eF,W represents the local
direction of the filament or wall. (see figure 3.24). Haloes closer than ∼ 5 h−1 Mpc to the
spine of filaments move along the direction of the filament into their closest cluster while
at larger radii their direction is mainly perpendicular. This is a signature of the shear
velocity pattern induced by the surrounding matter distribution (van de Weygaert, 2002,
2005). A similar behavior is observed in walls. Haloes far from the plane of the wall
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Figure 3.22: Evolution in time of a filament shown at z = 9, 5.9, 3.2, 1.6, 0.6 and 0. The filament
is already present in the early linear regime, subsequently it collapses into several small filaments
aligned with the main filament. These mini-filaments collapse hierarchically to form the large
filament seen at present time.
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Figure 3.23: Velocity field of the region depicted in figure 3.22 at the present time. The arrows
correspond to the peculiar velocities of dark matter particles taken from the 1283 simulation. The
size of the arrows is scaled with the magnitude of the velocity.

“fall” into it while close haloes (< 5 h−1 Mpc) move parallel to the plane of the wall.
The inflow of matter at larger radii includes a significant contribution from the voids.
These push matter out toward the walls and filaments (Sheth & van de Weygaert, 2004;
Tully, 2006).

The inflow of matter in walls is a clear example of the “pancake” collapse predicted
by (Zel’Dovich, 1970). It reflects the linear relation between the velocity field and gravi-
tational potential in the linear regime:

v ∝ g ∝ −∇Ψ. (3.10)

In the case of walls this is true for the linear and well into the semi-linear regime. The
reason for this is that the collapse of a pancake occurs in a one-dimensional fashion. The
effect we found is significantly stronger compared to similar studies based on simple wall
finders (Noh & Lee, 2006).
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Filaments Walls

Figure 3.24: Infall angle of haloes as a function of their distance from the spine of filaments
(left) and the plane of walls (right). The shaded area indicates the dispersion of 1000 montecarlo
realizations with random orientations.

3.9 Density estimates of filaments

The transverse crossing time in the perpendicular direction of filaments is much shorter
than the Hubble time. This observation led Eisenstein et al. (1997) to derive a measure of
the linear surface density of filaments assuming that they are virialized along the radial
(transverse) direction. In their derivation the density of an isothermal filament can be
determined solely in terms of the transverse velocity dispersion as:

μest =
2σ2

⊥
G

= 7.4 × 1013 M� Mpc−1
( σ⊥

400Km s−1

)2
, (3.11)

where μest is the estimated linear surface density, σ⊥ is the velocity dispersion in the
direction perpendicular to the spine of the filament and G is the gravitational constant.
Several assumptions are made in order to derive such a simple relation:

a) Axial symmetry.

b) No bulk velocities along the transverse direction.

c) Filaments are virialized along their transverse direction.
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Figure 3.25: Comparison between the real linear surface density and the estimated from Equation
3.12. Diamonds indicate the mass of dark matter particles measured inside a radius of 2 h−1 Mpc
from the polynomial delineating the spine of the filament.

d) Isothermal filaments.

The first two assumptions can be achieved to a certain point. The last two, however, are
more difficult to justify. If the relation between transverse velocity dispersion and the
linear surface density of filaments holds it will indicate that the assumptions c and d are
at least partially valid. In order to test the validity of equation 3.11 we measured the linear
surface density of the filaments as

μreal =
Mfila

lfila
[M� h Mpc−1], (3.12)

where μreal is the real linear surface, Mfila is the total mass of dark matter particles in
the filament and lfila is its length.

Figure 3.25 shows the comparison between the measured linear surface density and
the estimate given by equation 3.12. Diamonds indicate the linear surface density com-
puted from all particles inside a curve cylinder or radius 2 h−1 Mpc following the poly-
nomial fit described in section 3.7.5. We found that in general equation 3.12 gives a good
estimate of the linear surface density. However some differences arise: the linear surface
density is systematically overestimated in the case of dense filaments and underestimated
for underdense ones. The inclusion of large groups and small clusters that cross the fil-
aments will have the effect of adding large velocities given their truly virialized nature
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and therefore boosting the density estimates. The underdense filaments do not contain
large substructures and therefore are clean examples in which one can test the validity of
equation 3.12. The fact that low density filaments have higher densities than estimated
from equation 3.12 suggest that the conditions of virialization and isothermality assumed
by Eisenstein et al. (1997) are at best partially valid. In particular the assumption of
virialization along the transverse direction, since matter streams along the longitudinal
direction of filaments into clusters.

3.10 Conclusions

We provide a qualitative and quantitative description of the Cosmic Web in terms of its
morphological constituents. We focused on filaments, to a lesser degree on walls. The
basis for this work is a large N-body simulation of a ΛCDM cosmology with dark matter
particles. The morphological segmentation was done with the Multiscale Morphology
Filter. Our main findings can be summarized as follows:

• The mass content, volume content and mean density of the Cosmic Web correspond
to:

% Clusters % filaments % walls % field
Volume filling 0.38 8.79 4.89 85.94
Mass content 28.1 39.2 5.45 27.25
Relative density 73 4.45 1.11 0.31

Table 3.3: Inventory of the Cosmic Web in terms of volume and mass content.

• Each morphology of the cosmic web has a characteristic density. The distribution
of densities however, has a large overlap. Density alone can give an indication of
the morphology but it can not be used to unambiguously segment the Cosmic Web
into its morphological constituents.

• We offer a qualitative classification of filaments based on their visual properties in
four types: line, star, grid and complex.

• The density profile of filaments indicates that their typical radial extent is of the
order of 2 h−1 Mpc , although there are significant variations between individual
filaments.

• We found a relation between the mass of a cluster and the number of filaments it
has connected. More massive clusters have more filaments in average. Clusters
with a mass of ∼ 1014 h−1 M� have on average two connecting filaments while
clusters with mass of ∼ 1015 h−1 M� have on average five connecting filaments.
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• Haloes in filaments change their velocity vector from parallel to perpendicular as
a function of increasing distance from the spine of the filament. The same effect
is found in walls where haloes close to the wall move along the plane of the wall
while haloes far from the plane more perpendicular to it. Our results provide a good
demonstration of the collapse of “pancakes” predicted by Zel’Dovich (1970).

• We compared the linear density measured in filaments with the estimates described
in the work of Eisenstein et al. (1997) in which the density of filaments is related to
their transverse velocity dispersion. We found a good agreement between the esti-
mated and real density. The match, however, is not perfect: the density is underesti-
mated for low density filaments and overestimated for highly dense filaments. The
disagreement can be explained by the inclusion of virialized groups that bias the
density estimation by adding high velocity dispersions. This suggest that filaments
are at best partially virialized along their transverse direction.

3A Filament and wall compression

In order to enhance filaments and walls bringing them closer to idealized lines and planes
we devised a compression algorithm that displaces particles in the direction of increasing
density, namely towards the spine of filament and the plane defining the wall. This is
possible since the MMF provides us with both structures and their local direction given
by the eigenvectors of the Hessian matrix (see chapter 2). The smallest eigenvector of the
Hessian matrix traces the local direction of a filament while the largest eigenvector locally
defines the normal to the wall. This information can be exploited in order to iteratively
displace particles to the local center of mass defined inside a given radius. This method
is widely used to compute the center of mass in spherical or semi-spherical haloes (Van
den Bosch et al., 2002).

We start by defining the “heartline” of filaments and walls in a similar way as the cen-
ter of mass in spherical haloes is used as reference point. The one and two-dimensional
counterparts for filaments and walls are referred as the “spine” of filaments and the
“plane” of walls.

Our method however imposes a crucial constraint: the displacement of the particle
to the center of mass is performed in the direction perpendicular to the filament or wall.
This process transforms thick structures into thin lines or planes without affecting their
length. The algorithm can be applied to particles as well as haloes (after weighting by
their mass). In what follows we will refer to particles for simplicity. The algorithm can
be outlined as follows:

a) For each particle we find all the neighbors inside a top-hat window of a given radius
rtop centered at the particle’s position xi. The tophat radius should be large enough
to enclose the filament or wall in order to minimize the number of iterations needed.



3.10. Conclusions 119

Figure 3.26: A galaxy is compressed in the direction perpendicular to the filament in which it is
embedded.

b) We compute the center of mass of the particles inside the tophat window as well as
the vector from the particle’s position to the center of mass mi.

c) The particle is then displaced to the center of mass along the perpendicular direc-
tion of the filament/wall:

p = (e ∗ m) ∗ e sin(θ) (3.13)

where e is the vector indicating the direction of the spine of the filament or the
normal to the plane of the wall. m is the vector from the particle’s position to the
center of mass inside the radius r and θ is the angle between e and m (see figure
3.26). The eigenvectors are computed from the Hessian matrix smoothed at a the
characteristic scale of filaments (∼ 2 − 3 h−1 Mpc) (see section 3.7.6).

d) After we performed the process for all the particles we compute the dispersion
between the original and compressed positions. We repeat the complete process
until the dispersion between consecutive iterations changes by a given factor or the
total dispersion is less than a given value. This indicates the convergence of the
method.

The compression algorithm is rather insensitive to the size of the tophat window in the
range of values 1-5 h−1 Mpc for filaments and 2-8 h−1 Mpc for walls. The lower limit
depends on the mean interparticle separation. There must be at least two particles inside
the search window in order to displace the particle. The largest value of rth depends on
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how close are filaments and walls from each other. Larger radius will include particles
from adjacent structures and the compression will fail. The compression algorithm is
performed recursively until the dispersion between consecutive compressed positions is
less than 0.25 h−1 Mpc, indicating convergence. It is important to note that in the com-
pression algorithm we only account for particles in the morphology we are compressing.

3B Length of filaments

We determine the length of filaments after they have been compressed by fitting a poly-
nomial to the particles (or haloes) in the filament. By fitting a polynomial we smooth the
small-scale variations that may remain after the filament compression procedure. This is
crucial for the correct determination of the filament’s length. If one attempts to compute
the length of a filament by, for instance, adding all the segments joining contiguous points
using a minimum spanning tree we will end up with a larger filament due to small-scale
deviations.

We choose polynomials of 3rd order as a compromise between simplicity and the
ability to follow intricate filament shapes. Visual inspection of several filaments indicate
that 3rd order polynomials are sufficient to describe even the most intricate filaments,
following their change in direction accurately. Particles/haloes in filaments were fitted to
a polynomial of the form:

x = a1 + b1t+ c1t
2 + d1t

3 (3.14)

y = a2 + b2t+ c2t
2 + d2t

3 (3.15)

z = a3 + b3t+ c3t
2 + d3t

3 (3.16)

where the parameter t is defined as the distance from an arbitrary location (x0, y0, z0):

t =
√

(x− x0)2 + (y − y0)2 + (z − z0)2 (3.17)

In practice we choose a set of values for (x0, y0, z0) (usually the corners of the sim-
ulation box) and select the one that gives the best fit defined as the one with the smaller
mean square difference:

ε =
1
N
χ2. (3.18)

Also, if ε is larger than a given value (determined by experimentation) we reject the
fit. The fitted polynomial is used to compute the length of the filament. One technical
difficulty is the determination of the extreme points of the filament once we have the
fitting curve. This is a non trivial task and if not considered properly may lead to wrong
length determinations. We follow a simple but effective method to identify the extremes:
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Figure 3.27: Identification of extreme of a filament: The fitting curve (gray line) is closely sam-
pled at points a, b, c, d, e. Haloes are represented as large black dots. The closest halo to points
a, b, c and d is halo 1. At point e the closest halo changes to halo 2 indicating that the fitting curve
is “inside” the filament.

• The polynomial curve is closely sampled and distances to all the particles in the
filament are computed starting from one extreme of the fitted curve.

• For each point in the fitting curve we identify the closest halo.

• We identify the point in the fitting curve at which the identity of the closest halo
changes. This indicates that the fitting curve is no longer “outside” the filament but
“inside” it.

• We repeat the procedure for the remaining extreme of the fitting curve.






