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ABSTRACT
The formation and evolution of filamentary structures involve the actions of the
dark sector and gravitational law. At the same time, a filament is an important environment through which gas and matter accrete and subhalos infall onto its member
galaxies (halos). In this thesis, we present studies on filamentary structures in two
contexts, one for filament as a probe to constrain cosmological models and the other
for studying the e↵ects of filaments on its halos and galaxies. In Part 1, we presented
how the shapes of filaments change depending on cosmological models. We identified
large-scale filaments from dark matter halos of cosmological simulations of various cosmological models including ⇤CDM, a branch of dynamic dark energy, and a branch of
modified gravity. It is found that filaments in the ⇤CDM universe are straighter than
those in the other models. We also found that the discriminations of the alternative
models from ⇤CDM and between themselves are possible with the straightness evolution of filaments. By finding the dependence of filament straightness on underlying
cosmology, we suggest the straightness of filaments as a complimentary cosmological
test. In Part 2, we studied the roles of filaments in the galaxy (halo) formation and
evolution. First, we examined the dependence of substructure abundance of clusters
on filament straightness. Clusters in straighter filaments are found to have fewer substructures even when the contribution of the mass and formation time of halo, and
the number of clusters in filament are minimized. On the other hand, we also studied
the correlation between void galaxy luminosity and straightness of void filament. It
was found that void galaxies are brighter in straighter void filaments. Based on these
findings, we conclude that filaments influence on their galaxies (halos) by controlling
subhalo infall and mass accretion onto galaxies (halos). Physical interpretations of our
results, as well as their cosmological implications are presented.
Keywords: cosmology: theory
Student Number: 2011-23285
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Chapter 1

Overview1
The emergence of large-scale structures and their evolution have drawn full attention
from both of the theoretical and observational sides. This is not simply because the
large-scale structures are ‘large’, but because of their potential to ‘enlarge’ our volume of the understanding of the Universe. Thanks to observational e↵orts on mapping
the distribution of galaxies through large and deep galaxy redshift surveys, and to
progress in establishing and simulating the structure formation paradigm, studying the
physics and statistics of the large-scale structures of the Universe, more in detail with
significantly larger number of samples has become feasible. To enjoy this cosmic renaissance, we dedicate ourselves to filaments, visually the most ubiquitous of the large-scale
structures of the Universe. To help the readers understand the theme of this thesis, we
provide a brief background in this Chapter.

1.1

Cosmic Web Phenomenon in the Universe

It is expected that the matter distribution is statistically homogeneous and isotropic at
large enough scale (one of topics in cosmology, on how large the scale has to be, if the
scale exists over which the Universe becomes homogeneous and istropic), rooting on the
1

Previous versions of Sections 1.3 and 1.4 of this chapter were published in the following three

papers: Shim & Lee (2013, ApJ, 777, 74); Shim et al. (2014, ApJ, 784, 84); Shim et al. (2015, ApJ,
815, 107). Thus, the copyright belongs to the American Astronomical Society
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first principle of physical cosmology, namely the “Cosmological Principle”. Regardless
of the e↵orts dedicated to testify the authenticity of this cosmological assumption at
very large scale (Hogg et al. 2005; Yadav et al. 2005; Caldwell & Stebbins 2008; Sylos
Labini & Baryshev 2010; Park et al. 2017), what astronomers have obviously confirmed
through a large body of observational and numerical studies is that the galaxeis (biased
tracer of matter) are not uniformly or randomly distributed in space, but apparently
are aggregated and evacuated in characteristic ways (Geller & Huchra 1989; Colless et
al. 2001; Gott et al. 2005; Springel et al. 2006; Kim et al. 2015; Hwang et al. 2016).

One of the most frequently quoted illustration of this pheonomenon was reported
by Springel et al. (2006). They compared the galaxy distribution of Millenium simulation with those of the contemporary galaxy redshift surveys, “Two Degree Field
Galaxy Redshift Survey” (2dFGRS) (Colless et al. 2001), “Sloan Digital Sky Survey”
(SDSS) (Tegmark et al. 2004), and CfA survey (Geller & Huchra 1989). Springel et al.
(2006) showed that the observed galaxies amalgamate into the larger structures rather
than being evenly distributed. There also existed the regions of low galaxy density surrounded by the structures composed of the galaxies. Similarly in the simulated universe,
the configuration of the galaxy distribution resembled the observed ones.

From the three-dimensional version of galaxy distribution map, one can learn more
in detail that the overall configuration of the galaxy (matter) distribution in the Universe exhibits an extremely complicated geometry composed of the large-scale structures of four di↵erent morphologies, voids, filaments, sheets, and knots. The most
prominent and eye-catching feature in the matter distribution is a number of elongated
branchy structures, filaments, which are intricately interconnected. The complicated
pattern of these large-scale structures as a whole is called the “cosmic web” (Bond
et al. 1996) and best manifests the features of the matter distribution as well as the
structure formation process.

Overview

1.1.1

3

Formation of Cosmic Web

The emergence of the cosmic web can be described by the two main pillars of the current
paradigm of the structure formation scenario. One pillar is the primordial density fluctuation and the other is the anisotropic nature of graviational collapse. In the seminal
work of Bond et al. (1996), the authors reported that the blueprint of the present-day
cosmic web was encoded in the primordial density field (although it is weak in the
early Universe) by learning that filamentary configuration began to emerge far in the
past of the history of the Universe. Rare high density peaks in the initial density field,
which later evolve into galaxy clusters, were vertices that define the web pattern of the
large-scale filaments which bridge the neighboring clusters (Bond et al. 1996).
Courtesy of this natural borne inhomogeneities in the density field, the perturbations were able to grow to form cosmic structures by the gravitational interaction
(Peebles 1980). If it were not for the primordial fluctuation (inhomogeneity), the gravitational attraction of a region would have been e↵ectively cancelled out by the surrounding matter distribution. The outcome of gravitational influence on the density
perturbation can be summarized with the saying “The rich get richer, while the poor
get poorer”. Regions with the excess matter will drag more strongly the matter from
the neighboring patches, while the regions with lower density will e↵ectively lose their
matter to the surroundings. This process is called “graviational instability” and illustrates how the cosmic structures are formed and evolved from the density fluctuations
of the primordial universe.
One important aspect of the formation of large-scale structures of the cosmic web
is that, it apparently manifests filamentary or flattened structures. It is an outcome of
anisotropic deformation of the matter under the action of the tidal forces originating
from the inhomogeneous initial matter distribution. Because of the inhomogeneities,
which were also the main physical driver of the graviational instability, there always
exist anisotropies in the process of the gravitational collapse, due to the gradient of
the gravitational force field. In other words, it is the tidal force field that play a crucial
role in forming and shaping the cosmic web structures (Bond et al. 1996; Colberg et
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al. 1999; Hahn et al. 2007; Platen et al. 2008).
A representative seminal and theoretical approach to describe how the initial perturbations of density become highly anisotropic structures was conducted in 1970 by
‘Zel’dovich’. In the work of Zel’dovich (1970), the growth of the perturbation is treated
in the language of linear Lagrangian model, which turns out to be a very simple mathematical framework, but is capable of revealing the important feature(s) of the perturbation growth. By defining deformation tensor and solving for its eigenvalues, it is
inevitably predicted that the collapse of matter first initiates in a preferential direction. This demonstration is at the heart of “Zel’dovich approximation” (named after in
honor of ‘Zel’dovich’) which betrays the simplified assumption of spherical symmetry
of the gravitational collapse.
According to Zel’dovich approximation, the formation of anisotropic structures follows sequential stages, starting from one-dimensional contraction of matter to form
the planar structure like sheet or wall, and continues to collapse along the second axis
to form the elongated structure like filament, and then finally along the last axis to
form the fully collapsed structure like knot or cluster (Shandarin & Zeldovich 1989;
Bond & Myers 1996; Sheth et al. 2001; Desjacques 2008; Shandarin & Sunyaev 2009).
The final morphology of the structure formed from the density perturbation is determined by the eigenvalues of the deformation tensor. For instance, the number of the
eigenvalues above certain threshold for knot, filament, sheet, and void corresponds to
3, 2, 1, and 0, repectively. (The conventional value adopted for the threshold was zero
(Zel’dovich 1970; Hahn et al. 2007). However, recent studies suggest di↵erent values that
are considered to better reproduce the visual impression of the cosmic web structures
(Forero-Romero et al. 2009; Libeskind et al. 2012, 2013).)

1.1.2

Components of Cosmic Web

The cosmic web can be divided into the four di↵erent components, voids, sheets, filaments, and knots, according to their morphological features. Although the subtleties
in defining each of the structures may vary from method to method, the most visually
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prominent features defining the components of the cosmic web are quite well captured
and accepted. For example, the void is a structure which occupies an empty space that
is devoid of galaxies, and the filament is an elongated structure and so on. Since these
large-scale structures reflect many important clues on the various subjects such as the
initial condition of the Universe, the nature of dark sector, gravitational law at cosmological scale, environmental e↵ect on structure formation, and so on, each of the web
components vigorously have been studied in multiple directions. Therefore, it is worthwhile to provide a very brief introduction for the characteristics and the applications
of each of the web elements, which will be presented in the following subsections.

1.1.2.1

Knot

Knots, often interchangebly called as clusters, are relatively compact large-scale structures of the Universe. The knot is a structure that is collapsed in all three directions
having ellipsoidal shape. It is the largest object graviationally bound, and is located
at the densest part of large-scale filaments. It contains approximately 30% of the total amount of matter in the Universe, while the fraction of volume occupying is only
⇠ 0.4%, which is extremely minute (Aragón-Calvo et al. 2010).
As is known from the structure formation theory, the cluster forms at the high
density peak of the initial density perturtabion. Hence, the statistical properties of the
clusters are connected to those of the primordial fluctuations. The statistics such as the
mass function, the correlation function, and the power spectrum have been utilized in
this context. For example, Bahcall & Cen (1992) (see also Rosati et al. (2002); Bahcall
et al. (2003)) estimated

8,

the normalization of the power spectrum, with the cluster

mass function. Constraints on the shape and the amplitude of power spectrum of the
underlying matter were also placed, by studying the statistical properties of clustering
based on X-ray clusters (Eke et al. 1996; Borgani & Guzzo 2001; Moscardini et al.
2001).
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1.1.2.2

Sheet

Sheets (walls) are the large-scale structures of planar shape, that are collapsed in one
direction. Due to their low mass fraction, wall structures are relatively inconspicuous
compared to the other cosmic web components (Aragón-Calvo et al. 2010; Cautun et al.
2014). However, the most largest structures observed may be the walls, possibly together
with filaments. The earliest example of the flattened structure nearby, may be the wellestablished supergalactic plane (de Vaucouleurs 1953), which now is considered to be
a part of the nearby filament and sheet (Lahav et al. 2000). It is now well known that
wall-like great structures reveal themselves in the observed distribution of the galaxies.
Particularly striking examples are the CfA Great Wall (Geller & Huchra 1989), followed
by the larger Sloan Great Wall (Gott et al. 2005), and again followed by the even larger
BOSS Great Wall (Lietzen et al. 2016).
To test the statistical properites of the initial perturbations, the existence of the
extremely large structures has been investigated. For instance, Sheth & Diaferio (2011)
estimated probability with excursion set theory that the largest-scale structure observed form from the Gaussian random density field, and claimed that the existence
of the Sloan Great Wall is hard to reconcile with the assumed density field. Similar
context, but contradictory conclusion was made by Park et al. (2012) and Hwang et
al. (2016), with help of cosmological N-body simulations. In these numerical works, the
authors reported that the observed structures of such physical size, for example, the
CfA Great Wall or the Sloan Great Wall, are safely guaranteed to form under the concordance ⇤CDM cosmology with the Gaussian random fluctuations, and explained that
the scheme for galaxy assignment and large-scale structure identification may bother
fair comparison between the simulated and observed large-scale structures leading to
the di↵erent interpretation (Park et al. 2012).

1.1.2.3

Filament

Filaments, visually the most ubiquitous of large-scale structures of the Universe, are
often characterized as the structures that are collapsed along two axes resulting in
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elongated morphologies. Filaments are known to contain more than half of the observed
galaxies (or mass, in simulations) (Aragón-Calvo et al. 2010; Cautun et al. 2014; Tempel
et al. 2014; Eardley et al. 2015), therefore the filaments are used for structure formation
and testing cosmological models.
Particularly, there is a growing demand for revealing the environmental influence of
the large-scale structures on the formation and evolution of galaxies. Recently, Guo et
al. (2015) showed that the luminosity functions of satellites are significantly di↵erent,
depending on whether or not their primary galaxies reside in filaments. Also a large
body of studies regarding the spin axis alignment of galaxies to the filaments have
been conducted and showed that the spin axis of spiral galaxy is parallel to its host
filament (Jones et al. 2010; Tempel & Libeskind 2013; Tempel et al. 2013; Pahwa et al.
2016). Several studies based on observational data found that filaments play a role in
enhancing the star formation activities (Fadda et al. 2008; Biviano et al. 2011; Darvish
et al. 2014).
On the other hand, the filamentary structures have been also utilized in a di↵erent nuance, to constrain cosmological models by examining the characteristics of the
filaments reflecting the anisotropic nature of the graviational clustering (West et al.
1991; Basilakos et al. 2001; Kolokotronis et al. 2002; Wray et al. 2006). For example,
Basilakos et al. (2001); Kolokotronis et al. (2002) showed that the ⇤CDM universe with
its parameters set to (⌦⇤ = 1

⌦m = 0.7) deviates the least from the observed shape

distribution of filamentary structures, where ⌦⇤ , ⌦m stand for the density parameters
of the cosmological constant and matter, respectively.

1.1.2.4

Void

Voids are the underdense regions surrounded by elongated filaments, sheet-like walls,
and dense compact knots. As its name suggests, voids contain small amount of matter in
the Universe (Cautun et al. 2014; Nuza et al. 2014). Although voids contain only small
portion of matter, their physical sizes typically range from 20h

1 M pc

to 50h

occupying the major share of the volume of the Universe (Cautun et al. 2014)

1 M pc
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Void, due to its extreme low density, is expected to show clear environmental dependences of galaxy properties. Thanks to this advantage, the environmental e↵ect of low
density on the properties of galaxies, including stellar mass (Beygu et al. 2017), color
and luminosity function (Tavasoli et al. 2015), star formation (Rojas et al. 2004, 2005;
Ricciardelli et al. 2014), and gas content (Kreckel et al. 2011), have been studied.It
is reported that void galaxies are bluer in color with more active star formation than
their overdense counterparts.
In cosmological context, the abundance, morphology, and dynamics of voids are
utilized to constrain cosmological models, since they reflect the nature of dark energy
and gravitational law. For example, Park & Lee (2007) and Park & Lee (2009) suggested that the elliptical shapes of voids may provide powerful constraints on the key
cosmological parameters including the dark energy equation of state (see also Lavaux
& Wandelt (2010)). Pisani et al. (2015) showed that the number of voids sensitively
depends on the nature of dark energy based on the analytical framework of Sheth &
van de Weygaert (2004). On the other hand, the models of modified gravity have been
tested with voids, because screening mechanism is expected to be deactivated in these
low density regions, and to reveal their cosmological features (refer to Zivick et al.
(2015); Falck et al. (2018); Mota (2018)). In another direction, the statistical properties of the primordial fluctuation were studied with void (Kamionkowski et al. 2009),
because of the merit of voids in preserving the initial conditions owing to their rarified
nature (Kim & Park 1998).

1.2

Identifying Filamentary Structures

As shown in the previous sections, the cosmic web has now become an irreplaceble
laboratory for diverse astronomical studies, and has been fully exploited to dig out the
information concerning the initial density perturbation, structure formation, nature of
dark sector, and gravitational law. Of course, systematic ways for defining and characterizing the cosmic web have also been receiving tremendous attention, and a lot of
e↵orts have been dedicated to this mission.
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Unlike the identification of virialized halos, a common framework classifying the
large-scale structures has not yet been established. Developing an unique identification
scheme is a difficult task, in a sense that no absolute definition exists in describing
di↵erent large-scale structures. This is partly due to the complexity and asymmetry in
its geometry of these individual structure. In addition, the intrinsic multi-scale nature
and broad density range of the web elements also render the construction of the unique
classfication and quantification ever more challenging.
Instead, various identification methods have been applied to both observation and
simulation data to best fulfill their own goals in mind. In consequence, the resulting
classification of respective method does not assume a priori match to the others, and
has its own advantages suited for its primary goals. Hence, it is meaningless to ask
which is the most superb one, but it will be better to skim the characteristic features
of some popular methods (see Libeskind et al. (2018) for detailed comparison between
various methods) for appropriate application and analysis.

1.2.1

Filament Finding Algorithms

Various methods can crudely be categorized into two classes, geometric and dynamic
approaches. The latter approach was devised in an analogy to the Zel’dovich approximation and focused on dynamical status of structures. Since the formation and evolution
of the cosmic large-scale structures are originated by the tidal forces (Bond et al. 1996),
Hessian of the gravitational potential, the tidal tensor, was used to identify and classify the structures of the cosmic web. Similar to the work of Zel’dovich (1970), the
number of eigenvalues of the tidal tensor above
th

th

determines the classification, where

stands for the threshold value. For example, the web structures were determined

with

th

= 0 by evaulating the tidal tensor from non-linear (Hahn et al. 2007) and

linear potential (Lee & Lee 2008). To give a better match to the visual impression,
the resemblance between visual inspection and the classification based on this scheme
was studied as a function of the threshold

th .

It was found that some positive value

gives a nice agreement (Forero-Romero et al. 2009). Later, the concept of dynamics of
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the structure formation to define large-scale structures was extended to velocity field.
Ho↵man et al. (2012) identified the web structures by evaluating eigenvalues of the
velocity shear tensor, and found that this velocity-based method resolves better than
the tidal-based ones.
The other group of the cosmic web finding algorithms weighs on the geometry
of matter distribution. These approaches define each component of the cosmic web by
utilizing characteristics of its geometry from the point distributions. The most intuitive
application of this idea is a graph theory based analysis called “Minimal Spanning
Tree” which defines filamentary structures through identifying their intrinsic connected
pattern by linking point sources, for example galaxies or clusters (Barrow et al. 1985;
Graham et al. 1995; Colberg 2007). Slightly di↵erent point process based approach,
the Bisous model, which yields the confidence estimate of each detected structure via
Bayesian framework also appeared in Stoica et al. (2005, 2010); Tempel et al. (2016).
Another attempt in this second kind to assess the cosmic web was carried out by
examining the connectivity and topology of the matter distribution involved. Colombi et
al. (2000) was the first to implement the Morse theory (Morse 1934) for the cosmological
use. This approach was extended by Novikov et al. (2006) and Sousbie et al. (2008)
respectively in 2D and 3D, by establishing the skeleton analysis, which treats the set
of critical points of density fields to delineate the cosmic structures.

1.2.2

Minimal Spanning Tree Method

In this subsection, I will elaborate more on the MST algorithm, because all the analyses
presented in the thesis are based on the Minimal Spanning Tree (hereafter, MST) technic to extract elongated filamentary structures from both observation and simulation
data.
As breifly mentioned above, the MST method is a way of connecting points based on
the graph theory. The first application of the MST method for a cosmological analysis
was done by Barrow et al. (1985) to study galaxy clustering. Later, the MST was
adpoted by others to study geometric properties of large-scale structures (Krzewina &
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Saslaw 1996; Doroshkevich et al. 2001; Colberg 2007; Park & Lee 2009). To understand
what is extracted from a point (node) distribution, it is worth learning the definition of
the MST. The key elements to describe the concept of a MST are path and circuit. A
path is nothing but a sequence of straight lines joining two nodes, and a circuit is a path
that is closed (i.e. that has loop). If a path without any circuit, defined as tree, includes
all nodes, it is called spanning tree. Finally, one that minimizes the sum of the edge
lengths is identified as “Minimal Spanning Tree”, among a number of di↵erent spanning
trees from the point distribution of interest. The MST is an uniquely connected pattern
unless there exist identical edge lengths (Barrow et al. 1985; Colberg 2007).
As listed in the previous section, there are many tactics to describe the cosmic web
structures. Partly due to the absence of the definite boundary (at least vague) among
the web components, each identification scheme has its own strength. For the case of
the MST, an analysis of structures is done with points, halos of clusters for the majority
of the works in this thesis. Since the MST method can be applied directly to bound
objects unlike most of the dynamical methods, no additional smoothing is necessary.
For the fair comparison between the large-scale structures in observation and simulation, the compatibility of the method becomes critical. Fortunately, the MST does
not require information that is unobservable or hard to measure in observation, for
example velocities of dark matter halos, which are necessary for some other approaches
by construction (Falck et al. 2012; Ho↵man et al. 2012). The merit of the MST algorithm is that it can identify the filaments directly from the distributions of point-like
objects. However, this very merit indicates that the method would fail to capture dynamical properties of the filaments, which was a motivation for the dynamics-based
classifications (Hahn et al. 2007; Forero-Romero et al. 2009; Ho↵man et al. 2012).

1.3

Filaments and Cosmology

The deepest and the most profound question in modern cosmology is what caused
the universe to accelerate at the present epoch. Although the Planck mission team
recently confirmed the stunning agreements between the predictions of the standard
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⇤CDM (cosmological constant ⇤+cold dark matter) model and the CMB temperature
power spectrum measured with unprecedentedly high precision (Planck collaboration
XV 2013; Planck Collaboration XVI 2013), the notorious fine tunning problem of ⇤
still haunts the cosmologists to vigorously look for alternative models.
There have been two main directions in developing viable alternatives. One direction is to replace ⇤ with some dynamic dark energy with negative pressure that could
induce the current acceleration of the universe without requiring fine tuned conditions
(see Amendola & Tsujikawa 2010, for a comprehensive review). Among various dynamic
dark energy scenarios, the coupled dark energy (cDE) model where a scalar field dark
energy interacts with dark matter (Wetterich 1995; Mangano et al. 2003; Amendola
2000, 2004; Macciò et al. 2004; Pettorino & Baccigalupi 2008; Baldi et al. 2010; Wintergerst & Pettorino 2010) has been found quite promising because of its capacity of
alleviating several reported tensions between the ⇤CDM model and the observations
(e.g., Baldi et al. 2011; Baldi 2012a; Lee & Baldi 2012; Salvatelli & Marchini 2013). This
capacity of the cDE models to alleviate the tensions posed by the observational anomalies is mainly owing to the presence of an additional long-range fifth force induced by
the dark sector coupling (the interaction between dark energy and nonbaryonic dark
matter). See Amendola & Tsujikawa (2010) for a comprehensive review of the cDE
models.
The other main direction is to modify the general relativity (GR) on the large
scale, which makes the concept of anti-gravitational dark energy unnecessary to explain
the observed distance-luminosity relation of Type Ia supernovae (see Clifton et al.
2012, for a comprehensive review). The tremendous success of GR on the local scale,
however, leaves only very little room for possible deviation of true gravity from GR.
The f (R) gravity is one of those few modified gravity models which has so far survived
severe cosmological tests (Reyes et al. 2010; Wojtak et al. 2011). In this model, f (R)
represents an arbitrary function of the Ricci scalar R that is substituted for R in the
Einstein-Hilbert action, and the derivative, df /dR, induces a fifth force on the large
scale, the strength of which is quantified by its absolute magnitude at the present epoch,
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fR0 ⌘ |df /dR|0 (Sotiriou & Faraoni 2010; de Felice & Tsujikawa 2010). An essential
feature of the f (R) gravity is the presence of the chameleon mechanism that blocks
deviation of gravity from the GR in dense environment: The denser the environment
is, the weaker the fifth force is (Khoury & Weltman 2004; Li & Barrow 2007).
Conventionally, the gravitational clustering of the large-scale structure (LSS) and
its evolution have been used for constraining the key cosmological parameters of the
⇤CDM cosmology (e.g., Addison et al. 2013; Di Dio et al. 2014, and references therein).
For example, the basic statistics such as the two point-correlation function of the density
field, the mass function of galaxy clusters and the matter-to-halo bias are frequently
employed to quantify the strength of the clustering of LSS and to put tight constraints
on the matter density parameter (⌦m ), the amplitude of the linear power spectrum
(

8)

and the dark energy equation of state (w). The basic statistics of LSS have played

a vital role in establishing the concordance ⇤CDM (cosmological constant ⇤ and cold
dark matter) cosmology.
The LSS statistics were also utilized for testing the viability of the alternative
cosmologies such as the warm dark matter (WDM), coupled dark energy (cDE), and
modified theories of gravity (MG) (e.g., Sutter & Ricker 2008; Song & Koyama 2009;
Stril et al. 2010; Smith & Markovic 2011; Lombriser et al. 2012; Abebe et al. 2013;
Moresco et al. 2013). However, some cautionary remarks have been recently raised
on the rosy prospects for the basic statistics of LSS as a powerful discriminator of
the alternative cosmologies. For instance, the abundance of galaxy clusters and the
strength of their gravitational clusterings, which have been widely used as one of the
most powerful probes of the background cosmology (for a review, see Allen et al. 2011),
are unlikely to be efficient discriminators of modified gravity, since the galaxy clusters
are usually located in the highly dense supercluster environments where the chameleon
e↵ect should be very strong. Furthermore, what Baldi et al. (2014) noted in the studies
based on the N-body analysis was that the f (R) + ⌫ and the ⇤CDM models yielded
essentially the same basic statistics of LSS. The e↵ect of free streaming of massive
neutrinos (Lesgourgues & Pastor 2006) e↵ectively cancels out that of the fifth force of
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the f (R) gravity on the large scale structure.
On the other hand, it was shown by Bean et al. (2008) that the cDE models whose
strength of dark sector coupling is tightly constrained by the recent observations are
very hard to distinguish from the ⇤CDM cosmology. Wei et al. (2013) theoretically
proved that the WDM, cDE and MG models are hard to be di↵erentiated from one
another just by tracing the expansion and growth history with the LSS observations.
These are indications of the fundamental limitation of the basic statistics of LSS as a
test of alternative cosmologies, concluding that a novel statistics independent of the
standard observables is necessary.
The spatial clustering of galaxy clusters that collectively generates the cosmic web
phenomenon (Bond et al. 1996) has been regarded as one of the most powerful indicators of underlying cosmology. As the dark sector coupling and gravity would a↵ect
not only the strength of the large-scale clustering but also its degree of anisotropy, the
cosmic web must take on a di↵erent pattern in di↵erent cosmology. The anisotropic
clustering of clusters is well manifested by the elongated filamentary shapes of the rich
superclusters which correspond to the densest section of the cosmic web. In the literatures which studied the superclusters and their morphological properties, the shapes
of the superclusters were measured by various di↵erent algorithms such as percolation, ellipsoid-fitting, friends-of-friends, Minkowski functional and etc. (e.g., Dekel et
al. 1984; West 1989; Plionis et al. 1992; Jaaniste et al. 1998; Basilakos et al. 2001;
Basilakos 2003; Basilakos et al. 2006; Einasto et al. 2007; Wray et al. 2006; Einasto
et al. 2011). The general consensus of those previous works was that no matter what
algorithm was used, the richer superclusters appear to have more filamentary shapes.
Recently, Einasto et al. (2011) noted that the shape of a richest supercluster located in
the highly overdense region is best described as a “multi-branch” filament consisting of
the main stem and several branches.
Assuming that the degree of the straightness of the supercluster main stems would
depend strongly on the dynamics of dark energy and gravity, it is expected that in cDE
and f (R) gravity models the main stems of rich superclusters would be less straight,
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having shorter spatial extents compared with the ⇤CDM case, due to the e↵ect of the
fifth force. The fifth force generated by the coupling between dark matter and dark
energy in cDE models will play a role in making the gravitational clustering of galaxy
clusters less isotropic, which is best manifested by the straightness of the superclusters
that correspond to the most prominent filamentary structures of the cosmic web. It is
also intriguing to ask if the long-range fifth force generated by the scalaron in the f (R)
gravity model also a↵ects on the supercluster straightness. The essential work to undertake here is to investigate quantitatively how sensitively the degree of the supercluster
straightness changes by the presence of f (R) gravity and to examine whether or not it
would be powerful enough to distinguish f (R) not only from GR but also from cDE.

1.4

Filaments and Galaxy (Halo) Formation and Evolution

As a number of previous studies listed in previous section have revealed that filamentary structures are deeply involved in the process of formation and evolution of
galaxies (halos), it is of crucial importance to examine the correlation between galaxy
(halo) properties and characteristics of the host filaments. Influence on the properties of
galaxies (halos) by filaments will be studied in two filament environments, for example,
large-scale filaments with clusters and small-scale filaments with galaxies in voids.

1.4.1

Filaments and Substructure Abundance of Cluster Halos

The substructure of dark matter halos has been the subject of many literatures in
which analytical and/or numerical methods were employed to investigate such intriguing topics as the mass and spatial distributions of substructures, the dependence of
substructure abundance on the large-scale density and tidal fields as well as on the
host halo mass, the e↵ects of tidal stripping and dynamical friction on the survival
rates of substructures and so on (e.g., Tormen et al. 1998; Sheth 2003; Lee 2004; De
Lucia et al. 2004; Natarajan & Springel 2004; Oguri & Lee 2004; van den Bosch et
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al. 2005; Hahn et al. 2009; Hester & Tasitsiomi 2010; Gao et al. 2011; Tillson et al.
2011; Wang et al. 2011; Croft et al. 2012; Wu et al. 2013; Xie & Gao 2015; Jiang &
van den Bosch 2017; Borzyszkowski et al. 2017; Garaldi et al. 2017). Owing to those
previous endeavors, a coarse roadmap is now established to explain the presence and
properties of the substructures of dark matter halos in the standard ⇤CDM (⇤ + Cold
Dark Matter) universe.
The presence of substructures in a bound halo is a natural consequence of hierarchical merging process. Once a substructure forms, it is prone to severe mass-loss due
to various dynamical e↵ects such as tidal stripping, close encounter, and dynamical
friction inside its host halo (e.g., Tormen et al. 1998; Taylor & Babul 2004). The longer
a substructure is exposed to those dynamical e↵ects, the harder it can survive. Thus, at
fixed mass a halo that forms earlier tends to contain less number of substructures (or
equivalently, less mass fraction) (e.g., see Jiang & van den Bosch 2017). Among various
factors that a↵ect the formation epoch of a halo, the most principal one has been found
the strength of the external tidal forces exerted by the neighbor halos, which tend to
interrupt the infall of satellites and the accretion of matter particles onto the halo: The
galactic halos of fixed mass in the stronger tidal fields form on average earlier and in
consequence possess less substructures (Wang et al. 2011).
It is not only the tidal strength but also the the configurations of the tidal fields in
the surrounding that play a crucial role in the obstruction of the satellite infall and mass
accretion into the halos (Hahn et al. 2009; Shi et al. 2015; Borzyszkowski et al. 2017).
Two recent numerical studies based on the high-resolution simulations (Borzyszkowski
et al. 2017; Garaldi et al. 2017) found a significant di↵erence in the substructure abundance between the galactic halos located in two di↵erent tidal environments. One is
inside a thick ”prominent” filament while the other is at the junction of multiple thin
”secondary” filaments. For the former case, the satellite infall and matter accretion into
a galactic halo is encumbered since the satellites and matter particles develop tangential velocities perpendicular to the direction of the elongated axis of the filament, while
for the latter case the satellites and matter particles can acquire radial motions falling
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onto the halos (Borzyszkowski et al. 2017). The galactic halos located in the bulky
straight filaments tend to form early before the complete formation of the filaments,
which leads to smaller number of substructures than their counterparts at the present
epoch (Garaldi et al. 2017).
As the main purpose of the previous works that have established the above roadmap
was to physically explain the assembly bias on the galactic scale as well as a paucity of
satellites around the Milky Way (Gao & White 2007), their focus was primarily put on
the galactic halos and their substructures (Hahn et al. 2009; Mao et al. 2015). Although
it is expected that the formation of the substructures of the cluster halos would be
similarly a↵ected by the tidal fields, the link between the substructure abundances of
the cluster halos and the external tidal field may not be the formation epochs unlike for
the case of the galactic halos. It was indeed numerically found that the formation epochs
of the cluster halos were nearly independent of the strength of the external tidal forces
and that the formation epochs (or equivalently the concentration parameters) of cluster
halos at fixed mass did not play the most decisive role in shaping the substructure
abundance (Gao et al. 2011). Besides, on the cluster scale it is difficult to make a
quantiative distinction between the thick primary and the thin secondary filaments
unlike on the galactic scale, and thus the results of Borzyszkowski et al. (2017) and
Garaldi et al. (2017) cannot be readily extended to the cluster scale. Thus, it is necessary
to take a di↵erent approach to address the issue of the tidal e↵ect, which will be
represented in terms of the specific sizes of the filaments, on the substructure abundance
of the cluster halos.

1.4.2

Filaments and Luminosity of Void Galaxies

Despite its extreme low-density, a void exhibits a dilute miniature of the cosmic web that
interconnects the void galaxies (e.g., Sahni et al. 1994; Gottlöber et al. 2003; Kreckel
et al. 2011; Aragon-Calvo & Szalay 2013; Alpaslan et al. 2014). The anisotropic spatial
correlation of the tidal shear field is believed to be mainly responsible for the formation
of the mini-web in a void just as it is for the cosmic web in the whole universe (van

18

Overview

de Weygaert & van Kampen 1993; Bond et al. 1996). As the tidal shear field develops
nonlinear correlations during the evolutionary process, the mini-web in a void region
should become more and more filamentary.
An intriguing issue is what e↵ect the filamentary mini-web has on the evolution of
the void galaxies and how strong it is. This can be addressed by looking for correlations
between the intrinsic properties of the void galaxies and the characteristics of the void
filaments. In fact, the voids should be an optimal ground for the investigation of the
e↵ect of the filamentary web on the galaxy evolution (e.g., see Kreckel et al. 2011). First
of all, since the void filaments are much less intricate than their wall counterparts, it
is less difficult to identify and characterize them. Furthermore, since the densities of
the voids are all constrained to extremely low values, the e↵ect of the environmental
density on the properties of the void galaxies can be controlled and thus it should be
easier to single out the dependence of the galaxy properties on the filamentary web for
the case of the void galaxies.
The mini-filaments that pass through a void are expected to bridge the void galaxies with the surrounding denser regions. Hence, the gas and dark matter from the
surroundings can be transported into the void regions along the mini-filaments, which
would enhance the growth of the void galaxies (Park & Lee 2009b; Kreckel et al. 2011).
The recent observation of Beygu et al. (2013) which reported a detection of real-time
star-forming activities in the void galaxies embedded in the filamentary channels full
of HI cold gases is in line with this picture that the void galaxies can rapidly grow
through the filamentary connection with the surroundings.
The bridge e↵ect of void filaments was first noted and quantitatively investigated
in the numerical work of Park & Lee (2009b) using the Millennium Run semi-analytic
galaxy catalog (Springel et al. 2005). What they found was that the intrinsic properties
of the void galaxies such as the total mass, luminosity and blackhole mass are strongly
correlated with the degree of the straightness of the host filaments. Park & Lee (2009b)
suggested that the presence of this correlation should be attributed to the dependence
of the efficacy of gas transportation on the geometrical shapes of the void filaments:
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the more straight void filaments should more efficiently carry gas and matter onto the
void galaxies.
If the presence of the bridge e↵ect of void filaments is observationally confirmed,
it will provide an important clue to the mechanism through which the void galaxies
become gas richer, bluer colored, and have higher specific star formation rates than
their wall counterparts (e.g., Rojas et al. 2004; Kreckel et al. 2011; Beygu et al. 2013;
Ricciardelli et al. 2014).

1.5

In this Thesis

The studies of the large-scale structures have recently been benefited from the cosmic
renaissance, in a sense that the widest and deepest ever galaxy redshift surveys have
already been operating (or are about to operate) and releasing (will release) tremendous
amount of observational data, for example, SDSS (Albareti et al. 2017), DES (DES
Collaboration et al. 2017), Euclid (Laureijs et al. 2011), and so on.
At the same time, the accelerated advancement in computing power and skills are
achieved. These revolutions allow us to study the statistics and physics of the large-scale
structures in the Universe, more in detail with significantly larger number of samples,
in order to give better constraints on cosmological models and/or to study the structure
formation and evolution (including the galaxy formation and evolution). Jumping on
this large-scale structure bandwagon, I present cosmological applications of filaments in
the thesis, which are the most ubiquitous structures that containing more than half of
the matter in the Universe, and that demonstrating the anisotropic collapse of matter
under the tidal influence.
Cosmological applications of filamentary structures have been made in two di↵erent
directions. The first direction is to examine the cosmological dependence of large-scale
filamentary structures, while the other is to study the role of filaments in the formation
and evolution of dark matter halos and galaxies. In Part 1, superclusters, as clusters of
galaxy clusters, in various cosmological models are analyzed. In Chapter 2, the degree
of straightness of the superclusters in the concordance ⇤CDM is compared to that
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of coupled dark energy, a model which relaxes the conventional assumption of noninteraction in the dark sector. Similar analysis on the large-scale filaments in ⇤CDM
and f(R) gravity model, one of modified theory of gravity, is presented in Chapter
3. In Chapter 4, the e↵ect of f (R) gravity plus massive neutrinos on the shapes of
superclusters are dicussed. In Part 2, the properties of the member halos (galaxies)
in di↵erent types of host filaments are studied. The substructure abundance and its
radial profile of the massive halos in large-scale filaments of di↵erent configurations are
treated in Chapter 5, while in Chapter 6 the correlation between the straightness of
filaments in void and their member galaxy luminosity is investigated.
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Chapter 2

Dark Sector Coupling Bends the
Superclusters 1
2.1

Introduction

The meticulous analysis of the CMB (Cosmic Microwave Background) temperature
power spectrum done by the Planck mission team has casted both light and shadow
on the status of the ⇤CDM (cosmological constant ⇤ + cold dark matter) cosmology. While at high multipoles (l

500) the ⇤CDM cosmology is found perfect in

matching the observational data, at low multipoles (l  100) its poor-fits has been
confirmed not as numerical flukes but likely to be real (Planck Collaboration et al.
2014a,b). Given that the low-multipole behavior of the CMB temperature spectrum
reflects the most primordial feature of the universe, the Planck result along with the
infamous long-standing problem associated with ⇤ may imply the incompleteness of
the ⇤CDM cosmology, encouraging the cosmologists to search more strenuously than
ever for physical alternatives.
The coupled dark energy (cDE) models where dark energy is not the inert ⇤ but
a dynamic scalar field coupled to nonbaryonic dark matter particles (Wetterich 1995;
1

The content of this Chapter has been already published as the following journal paper: Shim &

Lee (2013, ApJ, 777, 74) whose copyright is held by American Astronomical Society.
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Mangano et al. 2003; Amendola 2000, 2004; Macciò et al. 2004; Pettorino & Baccigalupi
2008; Baldi et al. 2010; Wintergerst & Pettorino 2010) have recently attained probing
attention because of their capacity for accommodating several observational mysteries
that the ⇤CDM cosmology could not resolve. For instance, according to Baldi (2012a),
the high-z massive clusters regarded as extremely rare events in the ⇤CDM universe
(e.g., see Jee et al. 2011, and references therein) are more probable to detect in the
cDE models. Baldi et al. (2011) demonstrated that the cDE models can explain the
observed higher degree of the misalignment between the spatial distributions of cluster
galaxies and dark matter than naturally expected in the ⇤CDM cosmology (Oguri et
al. 2010; Lee 2010). In the work of Lee & Baldi (2012), the morphological properties
of the observed bullet cluster (Clowe et al. 2004, 2006; Markevitch et al. 2002, 2004,
2005; Mastropietro & Burkert 2008) that had been found to be in a serious tension with
the prediction of the ⇤CDM cosmology (Farrar & Rosen 2007; Lee & Komatsu 2010;
Thompson & Nagamine 2012; Akahori & Yoshikawa 2012) were much less anomalous
in cDE models. Very recently, Salvatelli & Marchini (2013) claimed that the dispute
on the value of the Hubble constant between the Planck experiment and the HST
(Hubble Space Telescope) project can be ended if cDE is assumed to exist. This capacity
of the cDE models to alleviate the tensions posed by the observational anomalies is
mainly owing to the presence of an additional long-range fifth force induced by the dark
sector coupling (the interaction between dark energy and nonbaryonic dark matter).
See Amendola & Tsujikawa (2010) for a comprehensive review of the cDE models.
Since the tight constraints put on the strength of dark sector coupling by the recent
observations have sustained as viable only those cDE models which are very hard
to distinguish from the ⇤CDM cosmology (e.g., Bean et al. 2008), it is necessary to
develop as a powerful indicator of cDE as possible for the detection of the e↵ect of cDE
on the evolution of the universe. The spatial clustering of galaxy clusters that generates
collectively the cosmic web phenomenon (Bond et al. 1996) has been regarded as one
of the most powerful indicators of dynamic dark energy. As the dark sector coupling
would a↵ect not only the strength of the large-scale clustering but also its degree of
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anisotropy, the cosmic web must take on di↵erent pattern in the presence of cDE.

The anisotropic clustering of clusters is well manifested by the elongated filamentary
shapes of the rich superclusters which correspond to the densest section of the cosmic
web. In the literatures which studied the superclusters and their morphological properties, the shapes of the superclusters were measured by various di↵erent algorithms
such as percolation, ellipsoid-fitting, friends-of-friends, Minkowski functional and etc.
(e.g., Dekel et al. 1984; West 1989; Plionis et al. 1992; Jaaniste et al. 1998; Basilakos
et al. 2001; Basilakos 2003; Basilakos et al. 2006; Einasto et al. 2007; Wray et al. 2006;
Einasto et al. 2011). The general consensus of those previous works was that no matter
what algorithm was used, the richer superclusters appear to have more filamentary
shapes. Recently, Einasto et al. (2011) noted that the shape of a richest supercluster
located in the highly overdense region is best described as a “multi-branch” filament
consisting of the main stem and several branches.

Assuming that the degree of the straightness of the supercluster main stems would
depend strongly on the dynamics of dark energy, we speculate that in cDE models the
main stems of rich superclusters would be less straight, having shorter spatial extents
compared with the ⇤CDM case, due to the e↵ect of the fifth force. To quantitatively inspect this speculation, we utilize the data from the high-resolution N-body simulations
ran for various cDE models as well as for the ⇤CDM model. The upcoming chapters
are organized as follows: In section 2, we briefly review the cDE scenarios and describe
how the spatial extents of the superclusters found in the N-body data are determined.
In section 3, we show how the degree of the supercluster straightness depends on the
strength of dark sector coupling and how the di↵erence in the supercluster straightness between the cDE and the ⇤CDM cases changes with redshifts. In section 5, we
summarize the key results and draw a final conclusion.
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2.2

Numerical Data and Analysis

2.2.1

A Brief Summary of the CODECS

The CODECS stands for the COupled Dark Energy Cosmological Simulations performed by Baldi (2012b) for several di↵erent cDE models as well as for the standard
⇤CDM model with 10243 CDM particles and the same number of baryon particles
in a periodic box of linear size 1 h
mc = 5.84 ⇥ 1010 h

1M

1 Gpc.

The CODECS has the mass-resolution of

and mb = 1.17 ⇥ 1010 h

1M

where mc and mb represent the

mass of each CDM and baryon particle at the present epoch, respectively. As conventionally done, a bound dark halo was identified in the CODECS suite as a friends-offriends (FoF) group in which the component particles are all within the linking length
of 0.2¯l where ¯l is the mean particle separation (Davis et al. 1985). In the CODECS
project the initial conditions of all models were set to be consistent with the WMAP7
values (Komatsu et al. 2011). For the cDE models the normalization amplitude of the
density power spectrum,

8,

has the same value as the ⇤CDM case at the moment of

the last-scattering, while the other key parameters have the WMAP7 values at z = 0 .
For a full description of the CODECS, see Baldi (2012b).
Among several target cDE models of the CODECS, the following four models are
considered for our analysis: EXP002, EXP003, EXP008e3 and SUGRA003. In the first
two models (EXP002 and EXP003) where the dynamics of a scalar field cDE,

, is

governed by an exponential potential of U ( ) / exp( ↵ ) with ↵ = 0.08 (Lucchin
& Matarrese 1985; Ratra & Peebles 1988; Wetterich 1988), the coupling parameter
that quantifies the strength of the dark sector coupling has a positive constant value
of 0.1 and 0.15, respectively. In the third model (EXP008e3) where the cDE potential
has the same exponential shape, the coupling strength is no longer a constant but
depends exponentially on

as

= 0.4 exp(3 ) . In the fourth model (SUGRA003)

where the cDE evolves according to the supergravity potential of U ( ) /
(Brax & Martin 1999),

has a negative constant value of

↵ exp( 2 /2)

0.15 (Baldi 2012a). The

amplitudes of the linear density power spectrum at z = 0 have the values of

8

=
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0.875, 0.967, 0.895 and 0.806 at z = 0 for the EXP002, EXP003, EXP008e3 and
SUGRA003 models, respectively. For comparison, we also consider the ⇤CDM model
included in the CODECS project for which

8

= 0.809. For a detailed explanation of

the cDE models considered in the CODECS, see Baldi (2012b).

2.2.2

Identifying the Supercluster Spines

From the dark halo catalogs from the CODECS at z = 0, we first select only those
cluster halos whose masses M satisfy the condition of M

1013 h

1M

for each model.

Following the conventional scheme (e.g., Kasun & Evrard 2005; Lee 2006; Wray et al.
2006; Lee & Komatsu 2010), we identify the superclusters as the FoF groups of the
closely located clusters among the selected ones within the linking length, l, equal
to one third of the mean separation of the selected clusters, d¯c , as l = d¯c /3. Figure
2.1 plots the number densities of the selected clusters and the identified superclusters
per unit volume for five cosmological models at z = 0 in the top and bottom panels,
respectively. As can be seen, the selected clusters of each model exhibit a di↵erent
mass spectrum. This result indicates that the selected clusters of each model has a
di↵erent mean separation d¯c , which has been in fact properly taken into account when
the superclusters are identified as FoF groups of the linked clusters within the distance
of l. Note that the massive clusters and superclusters are most abundant in the EXP003
model, while the SUGRA003 model displays almost the same mass distributions as the
⇤CDM case.
Choosing only those rich superclusters which have three or more member clusters,
we apply the minimal spanning tree (MST) technique to dig out their filamentary
patterns for each cosmological model. It was Barrow et al. (1985) who for the first
time used the MST algorithm to study systematically the local galaxy distribution.
Afterwards, the MST algorithm has been refined and modified by several authors to
investigate the geometrical properties of the large scale structure with it (e.g., Krzewina
& Saslaw 1996; Doroshkevich et al. 2001; Colberg 2007; Park & Lee 2009).
It may be worth explaining here why we choose the MST algorithm for our anal-
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ysis rather than more recently developed algorithms such as the Skeleton (Sousbie et
al. 2008), the Multiscale Morphology Filter (Aragón-Calvo et al. 2010), the NEXUS
(Cautun et al. 2013), and so forth, all of which are believed to be more accurate and
efficient in tracing the cosmic web. The number one reason is that the application
of those more recent and more elaborate algorithms require us to know the underlying dark matter distribution (or density/velocity fields) unlike the MST algorithm for
which only the halo distributions are necessary. Given that the dark matter distribution
from the CODECS is not publicly available, we had to find an algorithm based only
on the halo distributions. Of course, it is still possible in principle to reconstruct the
density/velocity fields from the CODECS halo catalogs and then to apply those more
improved algorithms to the reconstructed density/velocity fields. But, our ultimate goal
is not to model as accurately as possible the supercluster shapes but to see if and how
the supercluster straightness depends on the background cosmology. Thus, we belive
that the reconstruction of the density fields of all five models is beyond the scope of this
paper. In fact, the MST which treats each member cluster as a point (node) without
weighing it by its mass must be the most optimal (and the most practical) algorithm
to achieve our goal since we would like to separate the cosmology dependence of the
supercluster straightness from that of the supercluster mass which is anyway hard to
estimate accurately in real observation.
After constructing the MST of each supercluster, we extract its main stem by pruning o↵ its minor branches, under the assumption that the main stem of a supercluster
MST corresponds to its most prominent filamentary part. Since we confine the MST
reconstruction procedure to the member cluster distribution inside each supercluster,
we only prune a supercluster MST without separating it into smaller filamentary parts
(c.f., Barrow et al. 1985; Colberg 2007; Park & Lee 2009). Figure 2.2 illustrates in the
two-dimensional projected space how the main stem of a supercluster MST is determined through pruning process at z = 0 for the ⇤CDM model, displaying how the
minor branches are repeatedly cleared o↵ from the main stem of a supercluster MST.
As Colberg (2007) called the main stem of a MST out of the galaxy distribution as

Dark Sector Coupling Bends the Superclusters

35

the ”backbone of the large-scale structure”, hereafter we also call the main stem of
a supercluster the supercluster spine. Figure 2.3 plots the number distribution of the
member clusters of those rich supercluster spines consisting of three or more nodes for
the five models at z = 0. As can be seen, the distributions of the node numbers (Nnode )
of the supercluster spines for the five models are very similar to one another except
for the numerical fluctuations in the large-Nnode section, even though each model has
a di↵erent mass distribution (see Figure 2.1).
An acute reader might concern about a possibility that in case of a more or less
spherically shaped supercluster the pruning process would remove its most massive
member from the main stem. We have investigated how probable this case is for each
model and found that the fraction of all supercluster MSTs occupied by those cases is
less than 0.03 for every model, having very negligible e↵ect on the final result. Table 2.1
lists the numbers of those rich superclusters whose spines consist of three or more nodes
and the percentage of the supercluster spines from which the most massive member
clusters are pruned away at z = 0 for the five models. Figure 2.4 plots the mean specific
mass, hM̃spine i ⌘ hMspine /Nnode i, of the rich supercluster spines vs. the cosmological
model. As can be seen, the mean specific mass is the highest for the EXP003 case,
indicating that the superclusters tend to have higher masses when the amplitude of the
density power spectrum,

2.3

8,

has a higher value.

Supercluster Straightness as a Probe of cDE

Using only those rich superclusters whose spines consist of three or more nodes, we
determine their sizes, S. Although a detailed explanation about how to measure the
size of a pruned MST is provided in Park & Lee (2009) (see also, Colberg 2007),
we also briefly describe here the procedure to estimate the size of each supercluster
spine to make this paper self-contained. Let the comoving Cartesian coordinates of all
nodes belonging to a supercluster spine be in range of xmin  x  xmax , ymin  y 
ymax , zmin  z  zmax , respectively. The size, S, of a supercluster spine is now esti⇥
⇤1/2
mated as S = (xmax xmin )2 + (ymax ymin )2 + (zmax zmin )2
, which quantifies
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e↵ectively how extended the supercluster spine is in the three dimensional space. Figure 2.5 illustrates how the size S of a supercluster spine is measured at z = 0 for the
⇤CDM case in the two-dimensional projected space.
Obviously the size of a supercluster spine increases with the number of nodes. When
the number of nodes Nnode is fixed, however, the more straight superclusters should have
larger sizes. To quantify its degree of the straightness of a supercluster spine, we define
the specific size S̃ as the size per node, S̃ ⌘ S/Nnode . Figure 2.6 shows the projected
images of three randomly chosen supercluster spines with three di↵erent specific sizes
at z = 0 for the ⇤CDM case. As can be seen, those supercluster spines with larger
specific sizes look more straight, demonstrating that the specific size of a supercluster
spine is an e↵ective indicator of its straightness.
Now, we estimate the mean value of S̃ averaged over those superclusters whose
spines have Nnode

3 for each cosmological model. Figure 2.7 plots the mean specific

sizes, hS̃i, versus the five cosmological models at z = 0. The errors

S̃

as the one standard deviation in the measurement of the mean value
hS̃i2 )/(Nspine

are calculated
S̃

= [(hS̃ 2 i

1)]1/2 . As can be seen, in the cDE models the supercluster spines tend

to have smaller specific sizes. In other words, the superclusters in models with cDE are
less straight. The ⇤CDM case exhibits the highest value of S̃ while the lowest value is
found for the SUGRA003 case. As can be seen, the di↵erence in S̃ between the ⇤CDM
and the SUGRA003 cases is the most significant (see also, Lee (2012)). There is a clear
trend that the mean value of S̃ decreases with increasing coupling strength for the
cases that cDE has a constant coupling (EXP002 and EXP003) while the EXP008e3
case does not show a significant di↵erence in hS̃i from the ⇤CDM case.
It is important to note that the cosmology dependence of hS̃i is obviously di↵erent
from that of hM̃spine i by comparing the result shown in Figure 2.4 with that in Figure
2.7. The mean specific mass of the supercluster spines in the SUGRA003 model turns
out to be very similar to the ⇤CDM case, while the two models show significant difference in the mean specific size of the supercluster spines. This result implies that the
di↵erence in the supercluster mass existent among the models should not be the cause
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of the detected overall trend between the cDE models and the mean specific sizes of
the supercluster spines.
The result shown in Figure 2.7 reveals that the dark sector coupling plays a role
in diminishing the degree of the straightness of the superclusters. Our interpretation is
as follows: The accelerating expansion of the Universe caused by the anti-gravitational
action of dark energy sharpens the cosmic web while the gravitational clustering of
clusters tends to blunt it since the former (latter) increases the relative dominance of
the anisotropic (isotropic) stress on the supercluster scales. The competition between
the two driving forces determines the degree of the straightness of the superclusters
which reflects how sharp the cosmic web is in the universe. In the cDE models, the
additional attractive fifth force with long range helps gravity blunt the cosmic web on
the large scale, reducing the specific sizes of the supercluster spines, which is why the
stronger dark sector coupling makes the supercluster spines less straight.
The lowest value of hS̃i found for the SUGRA003 case may be also interpreted
as follows. The degree of the supercluster straightness is also a↵ected by the peculiar
velocity perturbation. The large peculiar velocity perturbation tends to sharpen the
cosmic web. A good analogy can be found in a warm dark matter (WDM) model where
the peculiar velocity perturbation of DM particles is much larger than for the CDM case.
Gao & Theuns (2007) clearly demonstrated by using a high-resolution hydrodynamic
simulation that a WDM model produces a sharper cosmic web due to its larger velocity
perturbation.
Given this analogy, one can expect that in the cDE models with smaller velocity
perturbation the superclusters must become less straight. As shown in Baldi (2012b)
and Lee & Baldi (2012), the velocity perturbation of the SUGRA003 model is as large
as that of the EXP003 case before z ⇠ 7 but suddenly changes its tendency, dropping
rapidly below that of the ⇤CDM model at lower redshifts (see Figure 7 in Lee &
Baldi 2012). Therefore, at present epoch the velocity perturbation in the SUGRA003
model is even smaller than that of the ⇤CDM case, which leads to blunt the cosmic
web and to diminish the degree of the straightness of the supercluster spines. As for
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the EXP002 and EXP003 model with constant coupling, the interplay between the
dark sector coupling and the larger velocity perturbation determines the decrement in
the degree of the supercluster straightness: The presence of the dark sector coupling
tends to undermine the degree of the supercluster straightness while the large velocity
perturbation relative to the ⇤CDM case plays a role in straightening the superclusters.
Our result shown in Figure 2.7 indicates that the former e↵ect should be more dominant.
To investigate how the supercluster straightness evolves for each model, we repeat
the whole process at three higher redshifts: z = 0.19, 0.35, 0.55. Figure 2.8 plots
the mean specific sizes of the supercluster spines as a function of z for five di↵erent
models. As can be seen, for all of the five cosmological models, the specific sizes of
the supercluster spines increase with redshifts. It can be well understood by the fact
that at higher redshifts the superclusters obtained as FoF groups from the mass-limited
cluster sample (with the same mass threshold of 1013 h

1M

) correspond to more linear

regimes where the clustering of clusters is not so strong.
As can be also seen in Figure 2.8, at all redshifts, the ⇤CDM case is found to have
the largest mean specific sizes of the supercluster spines. The strongest evolution in hS̃i
is found for the SUGRA003 case, while the EXP003 shows the weakest evolution. It is
also interesting to see that at higher redshifts the EXP008e3 case di↵ers significantly in
hS̃i from the ⇤CDM case. As shown in Lee & Baldi (2012), the velocity perturbation
in the EXP008e3 model increases exponentially relative to the ⇤CDM case at lower
redshifts. Therefore, the significant di↵erence in hS̃i between the EXP008e3 and the
⇤CDM case at high redshifts must be due to the smaller velocity perturbation of the
EXP008e3 at higher redshifts than at the present epoch, which is consistent with our
interpretation that the larger (smaller) velocity perturbation functions for (against)
sharpening the cosmic web.
The result shown in 2.8 also shows that at higher redshifts the di↵erences in hS̃i
between the cDE and the ⇤CDM cases become more significant. As mentioned in
the above, the high-z superclusters are more linear objects and thus they are more
vulnerable to the long-range fifth force in cDE models. The crucial implication of this
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result is that the redshift evolution of hS̃i must be a powerful complimentary probe of
cDE.

2.4

Summary and Discussion

Although the dependence of the ’filamentarity’ of the rich superclusters on the initial
conditions of the Universe was already noted by several authors, (e.g., Dekel et al.
1984; Kolokotronis et al. 2002; Lesgourgues & Pastor 2006), the supercluster shape
distribution was not seriously considered as an efficient cosmological probe mainly
because the rich filament-like superclusters were regarded too rare to provide goodnumber statistics. However, the recently available large datasets from the full sky galaxy
surveys and the high-resolution simulations have allowed us to explore systematically
what a new window the noticeable filamentary shapes of the rich supercluster can open
on the early universe.
In this paper we have investigated how the presence of the dark sector coupling in
cDE models changes the intrinsic clustering pattern of the clusters in the supercluster
environments by utilizing the group catalogs from the CODECS. To single out the e↵ect
of the dark sector coupling on the clustering of supercluster clusters from the nonlinear
growth of the large-scale density field, instead of dealing with the overall filamentary
shapes of the superclusters, we focus only on the straightness of the main stems (i.e.,
spines) of the minimal spanning trees constructed out of the supercluster clusters. The
degree of the straightness of a supercluster has been quantified by the specific size of
its spine (spatial extent of the spine per member cluster). It has been finally shown
that the stronger dark sector coupling makes the superclusters less straight and that
in the presence of cDE governed by the supergravity potential (Brax & Martin 1999)
the superclusters are least straight. The di↵erence in the mean specific size of the
supercluster spines between the ⇤CDM and the viable cDE models has been found to
become more significant at higher redshifts.
Our results have been physically explained as follows. The attractive fifth force
in the cDE models helps the large-scale gravitational clustering blunt the cosmic web
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while the anti-gravitational action of dark energy sharpens it. Since the supercluster
straightness depends on how sharp the cosmic web is, the cDE models have less straight
superclusters than the ⇤CDM case. The degree of the supercluster straightness also
depends on the peculiar velocity perturbation of clusters. The large peculiar velocity
perturbation of clusters functions against blunting the cosmic web, contributing to
the degree of the supercluster straightness. At higher redshifts, the superclusters for
both of the cDE and the ⇤CDM models are more straight since they correspond to
more linear regimes where the isotropic stress is less dominant. The sharp increase of
the supercluster straightness with redshifts found in the supergravity model is closely
related to the bouncing behavior of dark energy equation of state in the supergravity
model (Baldi 2012b). Finally, we conclude that the redshift evolution of the supercluster
straightness should in principle become a complimentary new test of cDE.
For a practical test of cDE with the evolution of the supercluster straightness,
however, it will be necessary to deal with the superclusters identified not in real space
but in redshift space. If the host superclusters are elongated along the line-of-sight
directions, the cluster bulk motions along the supercluster major axes would cause
significant uncertainty on the measurements of the supercluster sizes. Furthermore, the
e↵ect of the redshift distortion caused by the cluster bulk motion on the supercluster
straightness is likely related to the strength of dark sector coupling since in the cDE
models the cluster bulk motions must be more active (e.g., Lee & Baldi 2012). It will
be definitely important to account for the redshift distortion e↵ect on the supercluster
straightness and to examine how strongly the e↵ect depends on the strength of dark
sector coupling.
The other thing that it will be worth exploring is the robustness of our result
against the algorithm to identify the filamentary structures in the cosmic web. In the
current work, the MST algorithm has been exclusively utilized to determine the most
prominent filamentary part of the richest section of the cosmic web. But, as mentioned
in section 2, there exist several more recently developed algorithms which are expected
to trace more rigorously the linear patterns of the cosmic web on the scales beyond the
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superclusters (Sousbie et al. 2008; Aragón-Calvo et al. 2010; Cautun et al. 2013). If a
consistent result be drawn even with a di↵erent algorithm, it would confirm strongly
the usefulness of the supercluster straightness as a probe of coupled dark energy. Our
future work is in this direction.
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Figure 2.1. Number densities of the selected cluster halos (top panel) and the superclusters identified as the FoF groups of the selected cluster halos with linkage parameter
of 1/3 (bottom panel) per unit volume at z = 0 for five di↵erent cosmological models
from the CODECS.
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Figure 2.2. Illustration of the pruning process of a supercluster with 18 nodes identified
in the CODECS group catalog at z = 0 in the two dimensional plane. All the branches
composed of two or less nodes are regarded as not a part of the main stem and thus
cut down by the pruning process.
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Figure 2.3. Node number distributions of the supercluster spines for five di↵erent
models at z = 0.
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Figure 2.4. Mean specific masses of the supercluster spines at z = 0 vs. the cosmological models.
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Figure 2.5. Size (dashed line) of a supercluster spine in the two dimensional projected
plane.
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Figure 2.6. Projected images of three randomly chosen supercluster spines having
same number of nodes but di↵erent specific sizes from the ⇤CDM case at z = 0.
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Figure 2.7. Mean specific sizes of the supercluster spines for the five models at z = 0.
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Figure 2.8. Redshift evolution of the mean specific sizes of the supercluster spines for
the five models.
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Table 2.1.
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Numbers of those supercluster spines with three or more nodes and the

fraction occupied by those spines from which the most massive clusters are pruned
away.

model

Nspine

fraction
[%]

⇤CDM

26311

2.79

EXP002

26678

2.59

EXP003

26636

2.32

EXP008e3

26259

2.51

SUGRA003

28400

2.82
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Baldi, M., Lee, J., & Macciò, A. V. 2011, ApJ, 732, 112
Baldi, M. 2011a, MNRAS, 411, 1077
Baldi, M. 2011b, MNRAS, 414, 116
Baldi, M. 2012, MNRAS, 420, 430
Baldi, M. 2012, MNRAS, 422, 1028
Barrow, J. D., Bhavsar, S. P., & Sonoda, D. H. 1985, MNRAS, 216, 17
Basilakos, S., Plionis, M., & Rowan-Robinson, M. 2001, MNRAS, 323, 47
51

52

Bibliography

Basilakos, S. 2003, MNRAS, 344, 602
Basilakos, S., Plionis, M., Yepes, G., Gottlöber, S., & Turchaninov, V. 2006, MNRAS,
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Chapter 3

Massive Gravity Wrapped in the
Cosmic Web 1
3.1

Introduction

The deepest and the most profound question in modern cosmology is what caused
the universe to accelerate at the present epoch. Although the Planck mission team
recently confirmed the stunning agreements between the predictions of the standard
⇤CDM (cosmological constant ⇤ +cold dark matter) model and the CMB temperature
power spectrum measured with unprecedentedly high precision (Planck collaboration
XV 2013; Planck Collaboration XVI 2013), the notorious fine tunning problem of ⇤
still haunts the cosmologists to vigorously look for alternative models. There have been
two main directions in developing viable alternatives. One direction is to replace ⇤
with some dynamic dark energy with negative pressure that could induce the current
acceleration of the universe without requiring fine tuned conditions (see Amendola &
Tsujikawa 2010, for a comprehensive review). Among various dynamic dark energy scenarios, the coupled dark energy (cDE) model where a scalar field dark energy interacts
with dark matter has been found quite promising because of its capacity of alleviating
1

The content of this Chapter has been already published as the following journal paper: Shim et al.

(2014, ApJ, 784, 84) whose copyright is held by American Astronomical Society.
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several reported tensions between the ⇤CDM model and the observations (e.g., Baldi
et al. 2011; Baldi 2012a; Lee & Baldi 2012; Salvatelli & Marchini 2013).
The other main direction is to modify the general relativity (GR) on the large
scale, which makes the concept of anti-gravitational dark energy unnecessary to explain
the observed distance-luminosity relation of Type Ia supernovae (see Clifton et al.
2012, for a comprehensive review). The tremendous success of GR on the local scale,
however, leaves only very little room for possible deviation of true gravity from GR.
The f (R) gravity is one of those few modified gravity models which has so far survived
severe cosmological tests (Reyes et al. 2010; Wojtak et al. 2011). In this model, f (R)
represents an arbitrary function of the Ricci scalar R that is substituted for R in the
Einstein- Hilbert action, and the derivative, df /dR, induces a fifth force on the large
scale, the strength of which is quantified by its absolute magnitude at the present epoch,
fR0 ⌘ |df /dR|0 (Sotiriou & Faraoni 2010; de Felice & Tsujikawa 2010). An essential
feature of the f (R) gravity is the presence of the chameleon mechanism that blocks
deviation of gravity from the GR in dense environment: The denser the environment
is, the weaker the fifth force is (Khoury & Weltman 2004; Li & Barrow 2007).
Although the abundance of galaxy clusters and the strength of their gravitational
clusterings have been widely used as one of the most powerful probes of the background
cosmology (for a review, see Allen et al. 2011), these probes are unlikely to be efficient
discriminators of modified gravity, since the galaxy clusters are usually located in the
highly dense supercluster environments where the chameleon e↵ect should be very
strong. A recent trend in the cosmological study of f (R) gravity is to explore its e↵ect
on the low-density regions and to figure out which observables among the low-density
phenomena is the best indicator of f (R) gravity. For instance, the dynamic mass of field
galaxies, the spin parameters of dwarf void galaxies, the abundance of cosmic voids and
etc. have been suggested as useful indicators of large-scale gravity (Zhao et al. 2011a;
Lee et al. 2013; Clampitt et al. 2013).
Very recently, Shim & Lee (2013) showed by analyzing the halo catalogs from Nbody simulations that the degree of the straightness of rich superclusters changes sig-
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nificantly by the presence of cDE. Their results are summarized as (i) the superclusters
tend to be less straight in cDE models with stronger coupling; (ii) the di↵erence in the
degree of the supercluster straightness is much larger than that in the abundance of
the clusters (or superclusters) among di↵erent cDE models; (iii) the di↵erence is larger
at higher redshifts. Shim & Lee (2013) provided the following explanations for their
result: The fifth force generated by the coupling between dark matter and dark energy
in cDE models plays a role in making the gravitational clustering of galaxy clusters
less isotropic, which is best manifested by the straightness of the superclusters that
correspond to the most prominent filamentary structures of the cosmic web.
It is intriguing to ask if the long-range fifth force generated by the scalaron in
the f (R) gravity model also a↵ects on the supercluster straightness. In fact, given
the result of Shim & Lee (2013), it is reasonable to expect that the superclusters
should be less straight in f (R) gravity models than in the GR model. The essential
work to undertake here is to investigate quantitatively how sensitively the degree of
the supercluster straightness changes by the presence of f (R) gravity and to examine
whether or not it would be powerful enough to distinguish f (R) not only from GR but
also from cDE.
The contents of the upcoming sections are outline as follows. In section 4.2 are
briefly described the data from N-body simulations for f (R) gravity and the algorithms
employed to determine the superclusters and their degree of straightness. In section 3.3
are presented the mains result on the dependence of the degree of the supercluster
straightness on the strength of f (R) gravity. In section 3.4 is drawn a final conclusion.

3.2

Data and Algorithm

To run a N-body simulation for a f (R) gravity model, it is first necessary to specify
the function f (R). We adopt the following Hu-Sawicki model characterized by two
parameters n and c1 /c2 (Hu & Sawicki 2007):
f (R) =

m2

c1 ( R/m2 )n
,
c2 ( R/m2 )n + 1

(3.1)
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Here, m ⌘ 8⇡G¯
⇢m /3 where ⇢¯m represents the mean mass density of the universe at
present epoch. Following the previous works (Oyaizu 2008; Zhao et al. 2011b), the two
parameter values are set at c1 /c2 = 6⌦⇤ /⌦m and n = 1. The comparison between the
observed abundance evolution of galaxy clusters and the analytic mass function has
yielded a tight contraint of |fR0 | . 10

4

for the Hu-Sawicki f (R) model (Schmidt et

al. 2009; Lombriser et al. 2010). Given this cluster-scale constraint, we consider three
models: GR and two f (R) gravity models, F5 and F6, for which the values of |fR0 | are
set at 10

5

and 10

6,

respectively. Throughout this paper, GR represents the standard

⇤CDM csomology where the gravity is described by GR.
For each model, we run a large N -body simulation by employing the ECOSMOG
code (Li et al. 2012b). The simulation contains a total of 10243 dark matter particles
in its periodic box of linear size 1 h

1 Gpc.

The initial conditions for each model are

all tuned by setting the key cosmological parameters at ⌦m = 0.24, ⌦⇤ = 0.76, ⌦b =
0.045, h = 0.73,

8

= 0.8, ns = 0.96. The Amiga”s Halo Finder (AHF) code (Knoll-

mann & Knebe 2009) are utilized to identify the bound halos from the spatial distributions of the dark matter particles. For the detailed description of the simulations
and the halo-identification procedures, see Knollmann & Knebe (2009) and Li et al.
(2012a,b).
Two additional algorithms are employed for our analysis: the friends-of-friends
(FoF) group finder and the minimal spanning tree (MST) algorithm. The former is
used for the identification of the superclusters and the latter detects the interconnection among the member clusters of each supercluster. Both of the codes treat the
cluster-size halos as particles without weighing them by their mass. In other words, no
information on the masses of cluster-size halos is required to apply the two algorithms.
Only the lower cut-o↵ mass has to be specified when the cluster-size halos are selected
(see section 3.3). It is worth mentioning here that the AHF which is used to identify
the bound halos is not appropriate to find the superclusters since the AHF is basically
a refined spherical over density algorithm (Knollmann & Knebe 2009) while the superclusters are well known to have filamentary shapes (e.g., Dekel et al. 1984; West 1989;
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Plionis et al. 1992; Jaaniste et al. 1998; Basilakos et al. 2001; Basilakos 2003; Einasto
et al. 2007; Wray et al. 2006; Einasto et al. 2011).
The MST technique has been widely used to understand the interconnected structures of the cosmic web (e.g., Barrow et al. 1985; Krzewina & Saslaw 1996; Doroshkevich
et al. 2001; Colberg 2007; Park & Lee 2009a,b; Shim & Lee 2013). As mentioned in
Shim & Lee (2013), its usefulness lies in the fact that it does not require to know the
underlying distribution of dark matter particles and thus can be directly applied to the
observed spatial distributions of galaxies or clusters. In the following section, we describe in detail how the degree of the supercluster straightness is measured from the data
with the help of the above algorithms and how it is di↵erent among the three modes,
GR, F6 and F5. Five di↵erent epochs will be considered: a = 1.0, 0.9, 0.8, 0.7, 0.6
where a is the scale factor.

3.3

E↵ect of f(R) Gravity on the Supercluster Straightness

We take the same procedures that Shim & Lee (2013) followed to determine the degree
of the supercluster straightness at each epoch for each model:
• Select those halos with mass Mc

1013 h

1M

as the clusters and identify the

FoF groups of clusters as the superclusters. The linking length for the FoF groups
is set at 0.3¯lc where ¯lc is the mean separation distance among the selected clusters.
• Find the MSTs of those rich superclusters with Nc

3 where Nc is the number

of the member clusters (nodes) and prune each supercluster MST to determine
its main stem, called a ‘spine’ by Shim & Lee (2013).
• Select only those rich superclusters with Nnode

3 after the pruning where Nnode

denotes the number of the nodes that make up the spine of each supercluster.
• Measure the size of each supercluster spine as S =

hP

3
i=1 (xi,max

xi,min )2

i1/2

when the comoving Cartesian coordinates of a node, {xi }3i=1 , is in the range of
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xi,min  xi  xi,max .
• Determine the degree of the straightness of each supercluster spine as its specific
size defined as, S̃ = S/Nnode by Shim & Lee (2013) and then take the average of
S̃ over all the selected supercluster spines.
Figure 3.1 plots the mass functions of the clusters (top panel) and the superclusters
(bottom panel) at the present epoch (a = 1.0) for three di↵erent models. As can be
seen, the mass functions have highest amplitudes in the F5 model while there is almost
no di↵erence between the GR and the F6 cases. Table 3.1 lists the number of the
supercluster spines which consist of three or more nodes and the average values of their
specific masses defined as Mspine /Nnode where Mspine is the sum of the masses of all the
nodes of a supercluster spine.
In Figure 3.2, the pruning process of a supercluster MST is depicted at z = 0 for the
GR case in the two dimensional plane projected onto the x1 -x2 plane. In the left panel
the solid line represents a supercluster MST before pruning and the dots connected by
the solid line correspond to their nodes. In the right panel, the solid line corresponds
to a supercluster spine (i.e., MST after pruning) while the dashed lines represents the
minor branches pruned away from the MST. For the detailed explanation about the
pruning process, please see Colberg (2007). Figure 3.3 plots the number distributions
of the supercluster spines, Nspine vs. the number of nodes, Nnode at the present epoch
for three models. The result shows that other than the numerical fluctuations there is
almost no di↵erence in the node number distribution of the supercluster spines between
the GR and the F6 models, while the F5 model has a noticeably higher amplitude.
Figure 3.4 plots the specific size function defined as dNspine /dS̃ per unit volume at
the present epoch for the three models. As can be seen, there is a noticeable di↵erence
in the specific size function among the three models. The specific size function has the
highest (lowest) amplitude in the GR (F5) case. Note that there is appreciable di↵erence
in the specific size function even between GR and F6. The comparison with the results
shown in Figure 3.1 reveals that the di↵erence in the specific size functions among the
three models is much bigger than that in the mass function of the superclusters. In
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other words, the specific size function of the supercluster spine should be much better
indicator of large-scale gravity.
Figure 3.5 shows the average specific sizes of the supercluster spines vs. the scale
factor for the three models, demonstrating how hS̃i evolves in each model. The errors
are calculated as the one standard deviation in the measurements of the averages. As
can be seen, the mean specific sizes of the superclusters in the GR (F5) model has
the highest (lowest) values at all epochs. Note that there is a significant di↵erence
between the F6 and the GR models in the average specific size of the supercluster
spines although it looks small compared with that between the F5 and the GR models.
This result implies that the degree of the straightness of the superclusters should be
useful as a new cosmological test of gravity.
Note also that the di↵erence in hS̃i between the F6 and the GR model increases
as the universe evolves. In other words, the e↵ect of f (R) gravity on the degree of the
supercluster straightness becomes stronger as the Universe evolves. It is interesting to
compare this result with that of of Shim & Lee (2013) according to which the e↵ect
of CDE on the degree of the supercluster straightness is stronger at earlier epochs
(see Figure 8 in Shim & Lee (2013)). Both of the CDE and the f (R) gravity has the
same e↵ect of lowering the degree of the supercluster straightness but their evolution
is directly the opposite, which implies that the degree of the supercluster straightness
can be useful to distinguish between the two models.

3.4

Discussion and Conclusion

A cosmological test of gravity has become a touchy topic. If an observable is to be
regarded powerful in testing gravity, it should be sensitive enough not only to detect
any little deviation of true gravity from GR but also to discriminate the e↵ect of
modified gravity from that of other energy contents such as coupled dark energy, warm
dark matter, and etc. Since it was shown in the several literatures that the linear growth
factor D(z) and the Hubble expansion rate H(z) evolve di↵erently in modified gravity
models from that in the standard ⇤CDM, much e↵ort has been made to find observables
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which depend strongly on D(z) and H(z).
Very recently, however, Wei et al. (2013) theoretically proved that it is practically
impossible to distinguish among the scenarios of modified gravity, coupled dark energy
and warm dark matter just by measuring D(z) and H(z), because the predictions of the
three scenarios for the growth rate of the large scale structure and the expansion rate
of the universe are e↵ectively identical. They called this degeneracy among the three
scenarios the ”cosmological trinity”. Given their claim, an urgent work to undertake is
to figure out which cosmological test has a power to break this inherent ”trinity”. Here,
we have shown that the degree of the supercluster straightness has a capacity of completing such a delicate mission. We have found that the superclusters are significantly
less straight in f (R) gravity models than in the GR+⇤CDM. This e↵ect is shown to
become stronger in the models with larger values of fR0 . But, even the F6 model which
is almost indistinguishable from the standard GR+⇤CDM model exhibits appreciable
di↵erence in the degree of the supercluster straightness. The crucial implication of our
result is that although the clusters are massive enough to screen modified gravity in
them, the intra-cluster force can still be unscreened.
A comparison of our results with those obtained by Shim & Lee (2013) that the
e↵ect of cDE on the degree of the supercluster straightness becomes stronger at higher
redshifts indicates that the degree of the supercluster straightness can be useful to
discriminate the e↵ect of modified gravity from that of cDE. Although we have not
investigated how the degree of the superclusters in the WDM models, it is very likely
that the presence of WDM would make the superclusters more straight. As discussed
in Shim & Lee (2013), the high peculiar velocities of dark matter particles plays a role
in making the clustering of galaxy clusters more ansitropic. That is, the WDM would
make the superclusters more straight than the CDM.
To use the degree of the supercluster straightness as a cosmological test of gravity,
however, it will be much more desirable to have a theoretical framework within which
the specific sizes of the supercluster spines can be evaluated for any cosmological models.
Since we have obtained our results numerically from a N-body simulations which ran for
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a fixed model with specified values of the cosmological parameters, we do not know how
much change it would cause to the degree of the supercluster straightness if di↵erent
initial conditions were used as the simulation inputs. The size of the main stems of
the superclusters may correspond to the free streaming scale of the member clusters.
Treating each cluster as a particle, it might be possible to model how sensitive their
free streaming scales are to the initial conditions of the Universe, using the Lagrangian
perturbation theory. Our future work is in this direction.
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Figure 3.1. Mass functions of the cluster and the supercluster halos at z = 0 for three
di↵erent gravity models in the top and bottom panels, respectively.
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Figure 3.2. Pruning of a supercluster to determine its main stems (spine).
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Figure 3.3. Number distribution of the superclusters as a function of node at z = 0
for three di↵erent models.
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Figure 3.4. Specific size distributions of the superclusters at z = 0 for three di↵erent
models.
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Figure 3.5. Evolution of the mean specific sizes of the superclusters with the scale
factor a for three di↵erent models.
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Table 3.1.
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Numbers of those supercluster spines with three or more nodes and their
mean specific mass for the three models.

model

Nspine

hM̃spine i

[1013 h

1M

GR

14204

3.92

F6

15260

3.80

F5

16592

4.18

]
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Chapter 4

Breaking the Cosmic Degenracy
with the Cosmic Web 1
4.1

Introduction

The gravitational clustering of the large scale structure (LSS) and its evolution reflect the initial conditions of the universe. The basic statistics such as the two pointcorrelation function of the density field, the mass function of galaxy clusters and the
matter-to-halo bias are frequently employed to quantify the strength of the clustering
of LSS and to connect them with the early universe. Putting tight constraints on the
matter density parameter (⌦m ), the amplitude of the linear power spectrum (

8)

and

the dark energy equation of state (w), the basic statistics of LSS have played a vital
role in establishing the concordance ⇤CDM (cosmological constant ⇤ and cold dark
matter) cosmology.
Furthermore, it has been found in many literatures that the standard statistics of
LSS are quite useful not only for constraining the key cosmological parameters of the
⇤CDM cosmology (e.g., Addison et al. 2013; Di Dio et al. 2014, and references therein)
but also for testing the viability of the alternative cosmologies such as the warm dark
1

The content of this Chapter was submitted for publication in ApJ and posted in the preprint arXiv

with arXiv number arXiv:1404.3639
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matter (WDM), coupled dark energy (cDE), and modified theories of gravity (MG)
(e.g., Sutter & Ricker 2008; Song & Koyama 2009; Stril et al. 2010; Smith & Markovic
2011; Lombriser et al. 2012; Abebe et al. 2013; Moresco et al. 2013).
The main motivation for proposing the alternative models was to overcome the
observational and the theoretical challenges against the ⇤CDM cosmology. For instance,
the free-streaming e↵ect of the WDM particles may resolve the tensions between the
observations and the ⇤CDM predictions on the (sub-)galactic scales (e.g., Menci et
al. 2012; Viel et al. 2013, and references therein). The dark sector coupling in the
cDE models can avoid the finely tuned initial conditions of the universe which was
haphazardly required in the ⇤CDM cosmology (e.g., Wetterich 1995; Amendola 2000,
2004) while the deviation of the gravitational law from GR on the large scale can
accommodate the present acceleration of the universe without requiring dark energy
with negative pressure (for a comprehensive review, see Clifton et al. 2012).
However, some cautions have been recently thrown to the rosy prospects for the
basic statistics of LSS as a powerful discriminator of the alternative cosmologies. Wei
et al. (2013) theoretically proved that the WDM, cDE and MG models are hard to be
di↵erentiated from one another just by tracing the expansion and growth history with
the LSS observations. Baldi et al. (2014) studied the simultaneous e↵ect of the f (R)
gravity and the massive neutrinos ⌫ (say, f (R) + ⌫ model) on the structure formation
by using large N -body simulations. The f (R) gravity is one of the chameleon MG
theories (e.g., Lombriser 2014, and references therein) where the f (R) stands for a
specific function of the Ricci scalar R that appears in the Hilbert-Einstein action as a
substitute for R. The derivative, df /dR, called, scalaron, which represents an additional
degree of the freedom quantities the strength of a fifth force (see de Felice & Tsujikawa
2010; Sotiriou & Faraoni 2010, for a review). The chameleon mechanism has an e↵ect of
screening o↵ the scalaron in the high-denstiy regions where the f (R) gravity becomes
indistinguishable from the GR (e.g., Khoury & Weltman 2004; Brax et al. 2008).
What Baldi et al. (2014) noted in the studies based on the N-body analysis was
that the f (R) + ⌫ and the ⇤CDM models yielded essentially the same basic statistics
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of LSS. The e↵ect of free streaming of massive neutrinos (Lesgourgues & Pastor 2006)
e↵ectively cancels out that of the fifth force of the f (R) gravity on the large scale
structure. Calling it a cosmic degeneracy, they regarded it as an indication of the
fundamental limitation of the basic statistics of LSS as a test of alternative cosmologies,
concluding that a novel statistics independent of the standard observables is necessary
to break the cosmic degeneracy.
Meanwhile, Shim & Lee (2013) have recently developed a new diagnostic based on
the filamentary cosmic web for testing the cDE models under the assumption that the
filamentary pattern of the cosmic web would be sensitively a↵ected by the presence of
cDE. Regarding the supercluster spines (i.e., the main stems of the superclusters) as
the richest filamentary structures in the cosmic web, they determined the specific sizes
of the supercluster spines to quantify the degree of the straightness of the superclusters
and found that the specific size distributions of the supercluster spines substantially
di↵er among various cDE models, implying that it is indeed a good indicator of cDE.
Furthermore, Shim et al. (2014) investigated the e↵ect of f (R) gravity on the specific
sizes of the supercluster spines and showed that the evolution trends of the specific size
distributions of the superclusters di↵er between the cDE and the f (R) gravity models,
which indicated that this new diagnostic developed by Shim & Lee (2013) is in principle
capable of breaking the degeneracy between the two models.
In the light of the works of Shim et al. (2014) and Baldi et al. (2014), we would like
to explore here whether or not the the degree of the straightness of the superclusters
quantified by the specific size of the supercluster spines can be also useful for breaking
the cosmic degeneracy between the ⇤CDM and the f (R) + ⌫ models. In section 4.2 we
will describe how the supercluster samples are obtained from the simulation datasets
obtained from the work of Baldi et al. (2014). In section 4.3 we will show how the
specific sizes of the supercluster spines are a↵ected by the simultaneous e↵ects of the
f (R) gravity and the massive neutrinos. In section 6.4 we discuss the implication of
our result as well as its prospect.

82

Breaking the Cosmic Degenracy with the Cosmic Web

4.2

Constructing the Supercluster Samples

Baldi et al. (2014) carried out large N-body simulations for the standard GR+⇤CDM
and also for four di↵erent f (R) + ⌫ models (namely, F4+⌫0, F4+⌫02,F4+⌫04,F4+⌫06)
for which the value of the neutrino mass mu⌫ was set at 0 0.2, 0.4, 0.6 eV, respectively.
The Hu-Sawicki formula was adopted to specify f (R) (Hu & Sawicki 2007) and the
value of the scalaron at the present epoch, fR0 ⌘ df /dR|t0 , was set at 10
recent observations indicate fR0  10

5

4.

Although

on the cluster scale (e.g., Schmidt et al. 2009;

Lombriser et al. 2012), Baldi et al. (2014) chose this rather exaggeratedly high value
of fR0 to see clearly how the free streaming of massive neutrinos cancel out that of the
fifth force.
For the computation of the trajectories of a total of 5123 CDM particles of mass in
the simulation box of linear size, Lp = 1 h

1 Gpc,

the prevalent Tree PM GADGET3

was utilized as the basic code into which the MG- GADGET scheme (Puchwein et al.
2013) was incorporated. The e↵ect of the free streaming of the 5123 massive neutrinos
included in the simulation box was modeled by using the algorithm constructed by Viel
et al. (2010). The values of the key cosmological parameters for the ⇤CDM cosmology
was set at the Planck values (Planck Collaboration et al. 2014). The bound dark halos
were resolved as the standard friends-of-friends (FoF) groups of only CDM particles for
which the linkage parameter of the FoF was set at the conventional value of 0.2. For
the detailed description of the simulation, see Baldi et al. (2014).
From the cluster halos selected from the N -body datasets of Baldi et al. (2014)
at three di↵erent epochs (z = 0, 0.3, 0.6), we extract the superclusters. As done in
Shim & Lee (2013) and Shim et al. (2014), a sample of the cluster halo is first created
by choosing those dark halos in the catalog whose masses exceed the lower limit of
1013 h

1M

at each redshift for each model. The mean separation distance among the

cluster halos is calculated and then the marginally bound superclusters are identified
as the FoF groups of the cluster halos with the linkage parameters of 0.3. Binning the
halo mass range and calculate their number densities belonging to each mass bin, we
determine both of the cluster and the supercluster mass functions.

Breaking the Cosmic Degenracy with the Cosmic Web

83

The top and the bottom panel of Figure 4.1 shows the cluster and the supercluster
mass function, respectively, at z = 0 for five models. As can be seen, those models
with lower values of m⌫ exhibit higher number densities of high-mass superclusters
1015 h

(M

1M

) . Note also that the supercluster mass function for the ⇤CDM

model is almost identical to that for the F4+⌫04 model, which indicates that the
neutrino mass required to cancel out the e↵ect of the fifth force on the supercluster
mass functions is 0.4 eV. This result is in a complete agreement with the finding of
Baldi et al. (2014) that the standard statistics including the cluster functions are not
capable of discriminating the ⇤CDM model from the F4+⌫04 model.

4.3

Simultaneous E↵ect of MG and ⌫ on the Supercluster
Straightness

We analyze the supercluster sample for each model at each redshift to determine the
mean specific sizes of the supercluster spines, by the prescriptions described in Shim &
Lee (2013) and Shim et al. (2014):
• Apply the minimum spanning tree (MST) algorithm (Barrow et al. 1985; Colberg
2007) to the supercluster sample from the simulation of Baldi et al. (2014) to
determine a MST of each supercluster.
• From each supercluster MST, prune away repeatedly the minor twigs having
less than three nodes until the main stem of each supercluster (spine) is determined and count the numbers of the member clusters belonging to the main stem
(nodes).
• Select only those superclusters whose spines consist of three or more nodes.
• Find a cuboid which fits the spatial distribution of the nodes of each supercluster
spine and measure the length of its diagonal line as the size of each supercluster
spine (Park & Lee 2009).
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• Determine the specific size (S̃) of each supercluster spine by dividing the size by
the node number (Nnode ).
• Calculate the mean value of S̃ averaged over all supercluster spines.
Figure 4.2 plots the mean specific sizes, hS̃i of the supercluster spines versus the
models. The errors are calculated as one standard deviation in the measurement of the
mean value. The value of hS̃i is shown to monotonically increase as the value of m⌫
increases from 0 to 0.6 eV. Interestingly, it is not the F4+⌫04 model but the F4+⌫02
model which predicts almost the same hS̃i as the ⇤CDM cosmology. In fact, between
the ⇤CDM and the F4+⌫04 there is a substantial di↵erence in the value of hS̃i. Given
that that it is the F4+⌫04 model which the standard statistics fails to distinguish
from the GR+⇤CDM model, our results indicates that the values of m⌫ required to
compensate for the e↵ect of the fifth force on the specific sizes of the supercluster spines
and on the basic statistics of LSS are di↵erent from each other. This result leads us to
expect that it may be possible to break the cosmic degeneracy between the GR+⇤CDM
and the F4+⌫ models if the basic statistics of LSS are combined with the specific size
distribution of the supercluster spines.
Figure 4.3 plots the mean specific sizes of the supercluster spines versus redshifts for
the five models, showing how hS̃i evolves in each model and how di↵erent the evolution
trend is. As can be seen, the di↵erence in hS̃i among the fives models becomes larger at
higher redshifts, which is consistent with the result of Shim et al. (2014) who showed
that the e↵ect of f (R) gravity on the specific size distribution becomes larger at higher
redshifts. At higher redshifts the mean specific size of the supercluster spine becomes
larger in all of the five models. The F4+⌫06 model exhibits the most rapid evolution
of hS̃i, which implies that the free streaming of more massive neutrinos have a higher
e↵ect of sharpening the filamentary structures when they were more energetic at higher
redshifts. Note that although it is impossible to distinguish between the GR+⇤CDM
and the F4+⌫02 model by measuring hS̃i, it is possible at z

0.3 when the value of

hS̃i even for the F4+⌫02 model deviates from that for the GR+⇤CDM case. In other
words, if measured at redshifts z

0.3, even without being combined with the basic
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statistics of LSS, the new statistics based on the specific size of the supercluster spine
is in principle capable of breaking the cosmic degeneracy between the standard ⇤CDM
and the f (R) + ⌫ models.

4.4

Discussion and Conclusion

This work has been inspired by two recent literatures. One is Shim et al. (2014) which
demonstrated that the specific size of the supercluster spine is a powerful diagnostic not
only for detecting any f (R) modification of the GR but also for distinguishing the e↵ect
of f (R) gravity from that of the presence of cDE. The other is Baldi et al. (2014) which
raised a cosmic degeneracy problem that the basic statistics of LSS would inherently
fail to distinguish the F4+⌫04 model from the standard ⇤CDM cosmology since the
free streaming e↵ect of massive neutrinos with mass 0.4eV e↵ectively cancels out the
clustering e↵ect of the fifth force scalaron with |fR0 | = 10

4

on the basic statistics of

LSS such as cluster mass function, two-point correlation function of the density field
and matter-to-halo bias.
Using the numerical data from the N-body simulations conducted by Baldi et al.
(2014) and the techniques developed by Shim et al. (2014), we have determined the
mean specific sizes of the supercluster spines at three di↵erent redshifts (z = 0, 0.3, 0.6)
for various di↵erent f (R)+⌫ models. It has been found that the neutrino mass required
to cancel out the e↵ect of the fifth force on the specific size distribution of the supercluster spines at z = 0 is 0.2eV, which turns out to be di↵erent from the value 0.4eV
required to fail the basic statistics of LSS in distinguishing between the F4+⌫ and the
GR+⇤CDM models. Henceforth, the specific size of the supercluster spine will play a
complimentary role in breaking the cosmic degeneracy at z = 0. We have also found
that at redshifts z

0.3 the specific size of the supercluster spine pulls it o↵ to distin-

guish all of the f (R)+⌫ models from the GR+⇤CDM cosmology without the help of the
basic statistics of LSS. We finally conclude that by tracing the evolution of the specific
sizes of the supercluster spines, it will be capable of breaking the cosmic degeneracy
between the ⇤CDM and the f (R) + ⌫ model.
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Room for future improvements exist for backing up the final conclusion of ours.
First of all, the datasets used for our analysis were obtained from only an intermediateresolution N -body simulations. Since the identification of the superclusters especially
at high redshifts are likely to be a↵ected by the resolution of N - body simulations, a
new dataset from high-resolution simulations is required to examine more carefully how
the mean specific sizes of the supercluster spines evolve with redshifts. Secondly, in the
current work we have considered only the case that the scalaron has a exaggeratedly
high value of fR0 = 10

4.

It will be necessary to examine if the specific size of the

supercluster spine is able to break the cosmic degeneracy even in the case that the
scalaron has a lower value. Another direction into which the future improvements should
be made is constructing an analytic model for the mean specific size of the supercluster
spine. One of the reasons that the basic statistics of LSS has been so widely used as
a test of cosmology is that they can be analytically predictable. Whereas the mean
specific sizes of the supercluster spines have so far been only numerically determined
without being guided by any analytic prescription, which is an obvious downside that
has to be overcome for its practical application in the future.
Finally, the most important part may be an applicability of this scheme on observation. Considering the current and previous numerical findings (Shim & Lee 2013;
Shim et al. 2014), we conducted a feasibility study by applying our approach to both
observation and simulation data to test if the ⇤CDM cosmology well reproduces our
Universe in terms of the specific sizes of filaments2 . Large-scale filaments are identified
from the galaxy distributions of SDSS DR12 and mock surveys of the Horizon Run
4 (HR4) simulation of ⇤CDM cosmology. We successively apply the FOF algorithm
to identify galaxy clusters from the galaxies, and filaments from the clusters. For fair
comparison, the same number density of galaxies and observation geometry are applied.
(We regard the galaxies within z ⇡ 0.09 correspond to those in the z = 0 snapshot data
of the simulation assuming negligible evolution of the galaxies and filaments at that
redshift range.)
2

Shim J., Hwang H., Kim J., Hong S., &Park C. in preparation
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In Figure 4.4, the cumulative S̃ distribution of the DR12 filaments safely lies within
the range spanned by those of the mocks. As can be seen in Figure 4.5, the mean specific
size of the DR12 filaments is slightly biased towrad the rightwing of the HR4 mocks,
but is only 1.3 away from the mean of mean distribution of HR4 mocks. Hence, we do
not detect any inconsistency between the observation and the ⇤CDM with filaments
at the present epoch. It will be more beneficial to perform a similar analysis at higher
redshift, because larger deviation (if any) from the ⇤CDM is expected to show up
in distant Universe (Shim & Lee 2013; Shim et al. 2014). Hopefully, this preliminary
analysis can be extended to the distant Universe via the upcoming large galaxy redshift
surveys that are focusing on high redshift galaxies, like Euclid (Laureijs et al. 2011),
DESI (DESI Collaboration et al. 2016), and possibly eBOSS (Dawson et al. 2016).
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Figure 4.1. Mass functions of the cluster halos and the superclusters for five di↵erent
models at z = 0 in the top and the bottom panel, respectively.
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Figure 4.2. Mean specific sizes of the supercluster spines for five di↵erent models at
z = 0. The errors represent one standard deviation in the measurement of the mean
value.

90

Breaking the Cosmic Degenracy with the Cosmic Web

Figure 4.3. Evolution of the mean specific sizes of the supercluster spines for five
di↵erent models.

Breaking the Cosmic Degenracy with the Cosmic Web

91

Figure 4.4. Cumulative specific size distributions of filaments in DR12 (red open circle), 135 HR4 mocks (gray line), and the mean of mocks (blue line) with the errors
calculated as the standard deviation in the mocks. The cumulative specific size distribution of DR12 filaments is consistent to those of HR4.

92

Breaking the Cosmic Degenracy with the Cosmic Web

Figure 4.5. Number distribution of mean specific sizes of 135 HR4 mock surveys in
gray bars. The mean of mock distribution is indicated in blue dashed lines, while that
of DR12 is in red dashed line. The mean specific size of DR12 filaments deviates from
that of the mock distribution by 1.3 .
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Chapter 5

Dependence of the Substructure
Abundance on the Orientation
Coherence of the Halo Tidal
Field 1
5.1

Introduction

The substructure of dark matter halos has been the subject of many literatures in
which analytical and/or numerical methods were employed to investigate such intriguing topics as the mass and spatial distributions of substructures, the dependence of
substructure abundance on the large-scale density and tidal fields as well as on the
host halo mass, the e↵ects of tidal stripping and dynamical friction on the survival
rates of substructures and so on (e.g., Tormen et al. 1998; Sheth 2003; Lee 2004; De
Lucia et al. 2004; Natarajan & Springel 2004; Oguri & Lee 2004; van den Bosch et
al. 2005; Hahn et al. 2009; Hester & Tasitsiomi 2010; Gao et al. 2011; Tillson et al.
1

The content of this Chapter was submitted as a journal paper for publication in ApJ and posted

in the preprint arXiv with arXiv number arXiv:1801:09960v1. Once it is published, the copyright will
belong to the American Astronomical Society.
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2011; Wang et al. 2011; Croft et al. 2012; Wu et al. 2013; Xie & Gao 2015; Jiang &
van den Bosch 2017; Borzyszkowski et al. 2017; Garaldi et al. 2017). Owing to those
previous endeavors, a coarse roadmap is now established to explain the presence and
properties of the substructures of dark matter halos in the standard ⇤CDM (⇤ + Cold
Dark Matter) universe.
The presence of substructures in a bound halo is a natural consequence of hierarchical merging process. Once a substructure forms, it is prone to severe mass-loss due
to various dynamical e↵ects such as tidal stripping, close encounter, and dynamical
friction inside its host halo (e.g., Tormen et al. 1998; Taylor & Babul 2004). The longer
a substructure is exposed to those dynamical e↵ects, the harder it can survive. Thus, at
fixed mass a halo that forms earlier tends to contain less number of substructures (or
equivalently, less mass fraction) (e.g., see Jiang & van den Bosch 2017). Among various
factors that a↵ect the formation epoch of a halo, the most principal one has been found
the strength of the external tidal forces exerted by the neighbor halos, which tend to
interrupt the infall of satellites and the accretion of matter particles onto the halo: The
galactic halos of fixed mass in the stronger tidal fields form on average earlier and in
consequence possess less substructures (Wang et al. 2011).
It is not only the tidal strength but also the configurations of the tidal fields in the
surrounding that play a crucial role in the obstruction of the satellite infall and mass
accretion into the halos (Hahn et al. 2009; Shi et al. 2015; Borzyszkowski et al. 2017).
Two recent numerical studies based on the high-resolution simulations (Borzyszkowski
et al. 2017; Garaldi et al. 2017) found a significant di↵erence in the substructure abundance between the galactic halos located in two di↵erent tidal environments. One is
inside a thick ”prominent” filament while the other is at the junction of multiple thin
”secondary” filaments. For the former case, the satellite infall and matter accretion into
a galactic halo is encumbered since the satellites and matter particles develop tangential velocities perpendicular to the direction of the elongated axis of the filament, while
for the latter case the satellites and matter particles can acquire radial motions falling
onto the halos (Borzyszkowski et al. 2017). The galactic halos located in the bulky
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straight filaments tend to form early before the complete formation of the filaments,
which leads to smaller number of substructures than their counterparts at the present
epoch (Garaldi et al. 2017).
As the main purpose of the previous works that have established the above roadmap
was to physically explain the assembly bias on the galactic scale as well as a paucity of
satellites around the Milky Way (Gao & White 2007), their focus was primarily put on
the galactic halos and their substructures (Hahn et al. 2009; Mao et al. 2015). Although
it is expected that the formation of the substructures of the cluster halos would be
similarly a↵ected by the tidal fields, the link between the substructure abundances of
the cluster halos and the external tidal field may not be the formation epochs unlike for
the case of the galactic halos. It was indeed numerically found that the formation epochs
of the cluster halos were nearly independent of the strength of the external tidal forces
and that the formation epochs (or equivalently the concentration parameters) of cluster
halos at fixed mass did not play the most decisive role in shaping the substructure
abundance (Gao et al. 2011). Besides, on the cluster scale it is difficult to make a
quantiative distinction between the thick primary and the thin secondary filaments
unlike on the galactic scale, and thus the results of Borzyszkowski et al. (2017) and
Garaldi et al. (2017) cannot be readily extended to the cluster scale.
Here, we take a di↵erent approach to address the issue of the tidal e↵ect on the
substructure abundance of the cluster halos. Introducing a new concept of the orientation coherence of the surrounding tidal fields and quantitatively distinguishing between
di↵erent tidal environments in terms of the specific sizes of the filaments, we will quantitatively investigate how the substructure abundance of the cluster halos depend on
the orientation coherence of the surrounding tidal fields. The organization of this Paper
is as follows. Section 5.2 represents the procedures to identify the filaments composed
of the cluster halos from a high-resolution N-body simulation and to determine their
specific sizes. Section 5.3 presents the measurements of the correlations between the
substructure abundance of the cluster halos and the specific sizes of the filaments. Section 5.4 presents a physical interpretation of the results, discussing the necessary future
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improvements of our analysis.

5.2

Identifying the Filaments of Cluster Halos

In the previous numerical works which endeavored to quantify the tidal influence on
the substructure abundance of dark halos, the first step taken was usually to construct
the surrounding tidal field either from the dark matter particles (matter tidal field)
or from the neighbor halos (halo tidal field) (e.g., Hahn et al. 2009; Wang et al. 2011;
Shi et al. 2015). In the current work, however, instead of constructing the tidal field,
our first step is to identify the filaments composed of cluster halos by employing the
adapted minimal spanning three (MST) algorithm (Colberg 2007; Park & Lee 2009a,b;
Shim & Lee 2013; Alpaslan et al. 2014). An advantage of our approach is that it can
reduce the risk of contamination caused by the numerical noise generated during the
construction of the halo tidal field on the cluster scale. As shown by Wang et al. (2011),
the substructure abundance of dark halos exhibits a stronger correlation with the halo
tidal field constructed from the neighbor halos with comparable masses rather than
with the matter tidal field.
But, it would su↵er considerably from the small-sample statistics to construct the
halo tidal field from the spatial distributions of the cluster halos due to the rareness
of the cluster halos. Furthermore, during the construction procedure, the halo tidal
field is often smoothed with a spherical window function, which has an e↵ect of undermining the degree of the anisotropy of the tidal field. Given the previous result
that the strongest tidal influence on the substructure abundance of dark halos can be
found when the surrounding tidal field has highest anisotropy (Borzyszkowski et al.
2017), the smoothing process during the construction of the halo tidal field could also
obscure the results. Since no smoothing process is involved in the identification of the
MST filaments, our approach can avoid this possible systematics. Another merit of our
approach based on the adapted MST algorithm is its direct applicability to real observations. As well explained and compared with the other algorithms in Libeskind et al.
(2018), the adapted MST algorithm is capable of automatically adjusting the red-shift
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space distortion e↵ect. Without making any specified assumption of the background
cosmology, it is possible to extract the filaments out of the spatial distributions of the
bound objects observed in redshift space and to directly study the tidal influences of
the extracted filaments.
For our analysis, we will make five samples of the cluster halos and their substructures retrieved from the Rockstar Halo Catalog of the Big MultiDark-Planck (Big
MDPL) simulations (Riebe et al. 2013; Behroozi et al. 2013; Klypin et al. 2016). The
Planck cosmology was adopted for the Big MDPL simulation starting from the initial conditions described by the following key parameters: ⌦m = 0.307, ⌦b = 0.048,
⌦⇤ = 0.693, ns = 0.96,

8

= 0.8228 and h = 0.6777 (Planck Collaboration et al. 2014).

The comoving linear length of the simulation box (Lb ), the mass resolution (mcdm ), and
the number of the CDM particles (Ncdm ) used for the Big MDPL simulations are given
as Lb = 2.5 h

1 Gpc,

mcdm = 2.359 ⇥ 1010 h

1M

, and Ncdm = 38403 , respectively.

Information on the ID, virial mass, spin parameter, comoving position and velocity
of the center of mass, parent ID (pID) of each dark halo can be retrieved from the
Rockstar Halo Catalog of the Big MDPL. If a dark halo has a parent ID equal to

1,

then it is a distinct halo without belonging to a larger halo. Otherwise, it is a substructure contained in a larger host halo and its parent ID represents the corresponding ID
of its host halo. For our analysis, a cluster halo is defined as a distinct Rockstar halo
with pID =

1 having virial mass of Mhost

1014 h

1M

, while those Rockstar halos

with parent ID equal to the ID of a given cluster halo are regarded as its substructure.
We put a mass cut of 1012 h

1M

on the substructure mass, Msub , excluding those

substructures with masses smaller than this mass-cut, regarding them poorly resolved
in the simulations (Gao et al. 2011).
To find the filaments from the cluster halos with the adapted MST technique, we first
apply the friends-of-friends (FOF) group finder with a linking length of 20.4 h

1 Mpc

to

the spatial distributions of the cluster halos. The choice of this specific linking length is
made through investigating the number of the filaments, Nfil , against the variation of
the linking length lp and determining the value of lp that maximizes Nfil . Each of the
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identified FoF groups represents a network system in which the member cluster halos
are within the realm of gravitational influence from one another. Starting from the
position of a member halo located in the group center (Alpaslan et al. 2014), we find
its nearest member halo, connect the two halos by a straight line, and repeat the same
process till all of the member halos are connected to construct a MST for each FoF
group. Then, through pruning each MST at the level of p = 3, we identify a filamentary
connection that stands out with the most linear pattern. A detailed description of the
adapted MST algorithm and its pruning process, see Shim & Lee (2013) and Alpaslan
et al. (2014).
Each identified filamentary network of the cluster halos, which we will call simply
a filament from here on, corresponds to a site where the tidal field peaks both in its
strength and its degree of anisotropy on the cluster scale. Suppose that a cluster halo
is found to reside in a filament. The strongest tidal influence that this cluster halo
receives is from the other member cluster halos belonging to the same filament. Hence,
the substructure abundance of this cluster halo is naturally expected to depend on the
physical properties of the host filament such as its richness, spatial extent, shape and
etc.
In Section 5.3, we will statistically examine how the substructure abundance of a
member cluster halo depends on the specific size of its host filament, S̃, which is defined
as the spatial extent of a filament divided by its node number, where a node number
refers to the number of its member cluster halos. A filament forms in a region where
the tidal field has two positive and one negative eigenvalues. The gravitational stretch
of matter distribution will occur along the direction of the eigenvector corresponding
to the negative eigenvalue (the minor principal axis) while the other two (major and
intermediate) principal axes coincide with the directions for the gravitational collapse
(see Forero-Romero et al. 2009, and references therein). A large-scale coherence of the
tidal fields in the orientations of their minor principal axes will lead to the formation
of a spatially extended rich filament. We will adopt the specific sizes of the filaments
as a practical measure of this orientation coherence of the tidal field. We will adopt the
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following formula given by Shim & Lee (2013) to determine the specific size, S̃, of each
filament.
S̃ =
where

x,

y and

1
Nnode

h

( x)2 + ( y)2 + ( z)2

i1/2

,

(5.1)

z represent the ranges of the three Cartesian coordinates of the

member cluster halos.
Figure 5.1 compares two identified filaments which di↵er from each other in their
specific sizes. As can be seen, the filament with larger specific size is more elongated and
straight than the other filament with smaller specific sizes. Figure 5.2 plots the number
counts of the filaments, Nfil , as a function of their node numbers, Nnode , showing a
sharp decrement of the filament abundance with the increment of the node number.
Those filaments which have less than four nodes are excluded from our analysis since
the filaments with Nnode  3 may have biased distribution of the specific sizes due to
the small number of nodes.

5.3

Substructure Abundance of the Cluster Halos in the
Filaments

Now that the specific sizes of the filaments with Nnode

4 are determined, we classify

the cluster halos into five samples by the specific sizes of their host filaments and
examine the mass distributions for each sample. The top panel of Figure 5.3 shows the
number counts of the cluster halos belonging to each sample as a function of mass,
revealing that the five samples have di↵erent mass distributions. To avoid any false
signal of Nsub -S̃ correlation caused by the di↵erence in the mass distributions, we
deliberately exclude those cluster halos whose masses fall out of the common range to
tally the mass distributions of the five samples. The bottom panel of Figure 5.3 shows
the same as the top panel but after the mass-synchronization process.
↵ represent the number of the substructures in the ↵-th cluster halo belongLet Nsub

ing to a given mass-synchronized sample which contains a total of Nhost cluster halos.
Taking the average of the substructure number counts over the cluster halos belonging
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to each mass-synchronized sample as hNsub i ⌘

P

↵
↵ Nsub /Nhost ,

we investigate how the

mean number of the substructures of the cluster halos changes with the specific sizes
of the host filaments. The top panel of Figure 5.4 plots hNsub i versus S̃ with the Bootstrap errors, from which one can witness an obvious trend that hNsub i increases as the
decrement of S̃. Counting only those massive substructures with Msub /Mhost

0.1,

we repeat the same analysis, the result of which is shown in the bottom panel of Figure 5.4. As can be seen, the massive substructures also retains a signal of the Nsub -S̃
anti-correlation, albeit the errors become larger.
For the results shown in Figure 5.4, we include all of the identified filaments, regardless of their node numbers. However, the node number, Nnode , of a filament can
contribute to the Nsub -S̃ anti-correlation since both of Nsub and S̃ depend on Nnode .
The specific size of a filament obviously depends on its node number by its definition.
The abundance of the substructures of a cluster halo is dependent on the node number
of its host filament since a cluster halo hosted by a filament with higher Nnode should
be exposed to stronger tidal e↵ect from more neighbor halos in the same filament.
To single out the e↵ect of the filamentary tidal influence on the substructure abundance of the cluster halos, we now fix the node number of a filament at a certain value
and reinvestigate if Nsub still retains its anti-correlation with S̃. Using those filaments
whose node numbers are equal to a fixed value, we reclassify them into five subsamples
according to their values of S̃ and resynchronize their mass distributions in a similar
manner, and calculate hNsub i for each subsample. Figures 5.5-5.6 display the results for
the cases of Nnode = 4 and 5, respectively. Noting, that for the cases of the higher node
numbers, the results su↵er from large errors due to the small number of the filaments
with more than five nodes, we consider only the two case of Nnode = 4 and 5. As can
be seen, even when the node number is fixed, the mean substructure abundance of the
cluster halos on average exhibits a clear signal of anti-correlation with the specific sizes
of the host filaments. Although the anti-correlation signal becomes weak at fixed node
number for the massive substructure case of Msub /Mhost

0.1, the results shown in

Figures 5.5-5.6 reveal that the dependence of Nsub on the number of the cluster halos

Cluster Substructures in Filaments

105

in the filaments is not the main contribution to the observed anti-correlation signal.
Now that the substructure abundance of the cluster halos in the filaments is found
to be anti-correlated with the specific sizes of the filaments, we would like to understand
what originates this anti-correlation. The usual suspect is the assembly bias, i.e., the
di↵erence in the formation epochs of the cluster halos as for the case of the galactic halos
(Garaldi et al. 2017). If at fixed mass scale the cluster halos in the filaments with larger
S̃ have a tendency to form earlier, it could explain the observed Nsub -S̃ anti-correlation
since those halos formed earlier are known to have on average less substructures. Figure
5.7 plots the number counts of the cluster halos as a function of their formation epochs,
zform . For the majority of the cluster halos, the formation epochs lie in the range of
0.2  zform  0.8.
We compute the mean formation epochs, hzform i, of the cluster halos belonging to
each subsample at fixed node number, Nnode = 4 and 5, and display the result in
Figure 5.8. As can be seen, the mean formation epochs of the clusters seem to depend
only quite weakly on the specific sizes of the host filaments, which indicates that the
observed signal of the anti-correlation between Nsub and S̃ should not be produced by
the dependence of Nsub on zform . Notwithstanding, to eliminate completely any possible
contribution of the S̃-zform correlation to the detected signal, we narrow down the range
of the formation epochs and reinvestigate the S̃-Nsub correlation. From each of the five
sample, selecting only those cluster halos whose formation epochs fall in a narrow zform interval with a width of

zform = 0.1 to make a subsample and synchronizing the mass

distributions of the five subsamples, we remeasure hNsub i as a function of S̃, the results
of which are displayed in Figures 5.9-5.16. As can be seen, narrowing down the range
of the formation epochs does not erase the anti-correlation signal. We also test the
survival of the anti-correlation signal against fixing both of Nnode and zform , the result
is shown Figure 5.17 which confirms the robustness of the Nsub -S̃ anti-correlation.
Motivated by our detection of the Nsub -S̃ anti-correlation, we would like to know
if and how the spatial distributions of the substructures in the cluster halos depend
on the specific sizes of the host filaments. Let r be the comoving radial distance of a
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substructure from the center of mass of its host halo whose virial radius is rvir . Binning
the values of the ratios, r/rvir , we count the numbers of the substructures at each r/rvir
bin,

Nsub (r/rvir ), for each cluster halo. Then, we compute the cumulative distribution

of the number counts of the substructures and then take its average over the cluster
halos to determine, hNsub ( r/rvir )i, which is plotted in Figure 5.18. The red (blue)
solid line corresponds to the case of the cluster halos whose host filaments have the top
(bottom) 10% largest (smallest) specific sizes. The blurred envelopes of the solid lines
represent the corresponding bootstrap errors. As can be seen, when all substructures
are counted (top panel), the top and the bottom 10% cases make a notable di↵erence
only at the large radial distance section (r

0.6rvir ). Whereas, when only the massive

substructures are counted, the opposite trend is found at the small radial distance
section (r < 0.6rvir ): the cluster halos belonging to the filaments with bottom 10%
smallest specific sizes have more massive substructures at shorter radial distances.

5.4

Summary and Discussion

Given that the substructures of the cluster halos form through the satellite infall and
matter accretion and that the majority of the cluster halos reside in the large-scale
filaments which are the reservoirs of the satellites and matter particles, the formation
and evolution of the substructures of the cluster halos are expected to depend on
the physical properties of the host filaments. We have investigated the correlations
between the substructure abundance of the cluster halos and the specific sizes of the
host filaments, by utilizing the datasets from the Big MDPL (Klypin et al. 2016).
The filaments that comprise the cluster halos as nodes have been identified via the
adapted MST algorithm (Colberg 2007) and their specific sizes have been determined
as their spatial extents per node (Shim & Lee 2013). If the tidal fields are coherent over
large scales in their orientations of the minor principal axes, then the filaments formed
through the gravitational stretch of matter along the minor principal axes of the tidal
fields are expected to have large specific sizes. Hence, the orientation coherence of the
tidal field on the cluster scale can be practically quantified by the specific sizes of the
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filaments.
A signal of anti-correlation between the substructure abundance of the member
cluster halos and the specific sizes of their host filaments has been detected (see Figure
5.4). Those cluster halos that constitute the filaments with smaller specific sizes have
turned out to contain on average more substructures. This anti-correlation signal has
been found robust against narrowing down the range of the formation epochs of the
cluster halos (see Figures 5.9-5.17 as well as against fixing the node numbers of the
filaments (see Figures 5.5-5.6), which implies that the most dominant role in the generation of this anti-correlation should not be the di↵erence in the tidal strength among
the filaments with di↵erent specific sizes.
We explain that the anti-correlation should be caused by the obstructed infall of
satellites onto the cluster halos in the filaments with large specific sizes due to the
development of the tangential velocities of the satellites in the confined plane perpendicular to the elongated axes of the filaments: When a region evolves to form a filament
through its gravitational compression along the major and intermediate axes and the
gravitational dilation along the minor principal axis of the local tidal field, the satellites and matter particles located in the region develop their inward velocities mainly
in the plane spanned by the major and the intermediate principal axes. In other words,
inside a filament, the velocities of satellites and matter particles grow in the directions
perpendicular to the elongated axis of the filament. Once a filament forms, the satellite
infall and matter accretion into the cluster halos that reside in the filament should
be obstructed since their velocities in the filaments are perpendicular to the direction
toward the cluster halos. The more coherent the minor principal axes of the tidal fields
are in their orientations over large scales, the larger specific sizes the filaments would
have and thus the more severely the satellite infall and matter accretion should be
obstructed. For the cluster halos residing in the filaments with small specific sizes, the
satellite and matter particles can develop radial velocities at non-negligible level in the
direction parallel to the elongated axes of the filaments.
We have also determined the cumulative number counts of the substructures, as a

108

Cluster Substructures in Filaments

function of their radial distances from the cluster centers (Figure 5.18). The di↵erence
in the substructure abundance between the cluster halos in the filaments with large and
small specific sizes has been found to disappear in the small distance section r  0.6rvir
but to show up in the large distance section r > 0.6rvir . Given that a substructure
located at the large (small) distances form through relatively recent (early) infall of
a satellite, this result implies that the obstruction of the satellite infall and matter
accretion becomes e↵ective only after the filamentary connection with high orientation
coherence is established. In addition, we have noted that for the case of the cluster halos
contained in the filaments with large (small) specific sizes the massive substructures
with Msub

0.1Mhost are placed in the small (large) distance section. We speculate

that the origin of this phenomenon is the di↵erence between the tidal stripping e↵ect
of the cluster halos embedded in the filaments with small and large specific sizes. In
the former (latter) the massive substructures are more (less) severely stripped o↵ in
the inner region of their hosts.
Our result is consistent with the finding of Garaldi et al. (2017) that the galactic
halos belonging to ”prominent” filaments possess on average less substructures than
those located at the junction of multiple secondary filaments. They used the thickness
as a criterion for the distinction of a prominent filament from a secondary one. According to their qualitative description, if a filament is straight and thicker than the
size of a galactic halo, it is the prominent one where the development of the tangential
velocities obstruct the satellite infall and matter accretion onto the member galactic
halos. On the cluster scale, however, most of the filaments are as thick as the halo
size. Therefore, the thickness cannot be used to determine whether a given filament is
prominent or secondary. In the current work dealing with the cluster halos, we have
make a quantitative distinction between prominent and secondary filaments in terms
of their specific sizes and detected a robust signal of the anti-correlation between the
substructure abundance of the cluster halos and the specific sizes of the host filaments,
which implies that the orientation coherence of the surrounding tidal field reflected by
the specific sizes of the filaments plays a key role in regulating the growth of the cluster
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halos by obstructing the satellite infall and matter accretion.
Yet, to prove the claim that the satellite infall and matter accretion onto the cluster
halos in the filaments with large specific sizes are indeed obstructed by the development
of the tangential velocities in the plane perpendicular to the filament axes, it will be
necessary to investigate how strongly the velocities of the satellites before falling into
the cluster halos and the elongated axes of the filaments are correlated and how the
correlation strength varies with the specific sizes of the filaments. In line with this claim,
it will be also interesting to figure out what physical properties of the cluster halos other
than their substructure abundance depend on the specific sizes of the filaments, which
will allow us to have a better understanding of the e↵ect of the orientation coherence
of the large-scale tidal field on the growth of the cluster halos. Our future work will be
in this direction.
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Figure 5.1. Configurations of the cluster halos in the filaments for two di↵erent cases
of the specific sizes.
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Figure 5.2. Number counts of the filaments as a function of the node numbers.
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Figure 5.4. Mean substructure abundance of the cluster halos versus he specific sizes
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Figure 5.5. Same as Figure 5.4 but for the case that only those clusters whose host
filaments have a fixed node number of Nnode = 4.
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Figure 5.9. Same as Figure 5.4 but for the case of only those clusters with formation
epochs in the narrow range of 0.1  zform < 0.2.
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Figure 5.10. Same as Figure 5.9 but for the case of 0.2  zform < 0.3.
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Figure 5.11. Same as Figure 5.9 but for the case of 0.3  zform < 0.4.
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Figure 5.12. Same as Figure 5.9 but for the case of 0.4  zform < 0.5.
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Figure 5.13. Same as Figure 5.9 but for the case of 0.5  zform < 0.6.
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Figure 5.14. Same as Figure 5.9 but for the case of 0.6  zform < 0.7.
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Figure 5.15. Same as Figure 5.9 but for the case of 0.7  zform < 0.8.
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Figure 5.16. Same as Figure 5.9 but for the case of 0.8  zform < 0.9.

9

126

Cluster Substructures in Filaments

3.45

0.5£zform<0.6
<Nsub>

3.25

3.05

Nnode=4

<Nsub>

2.85

0.22

0.18

Msub/Mhost³0.1
0.14

5

6

7

~ -1
S [h Mpc]

8

9
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Figure 5.18. Cumulative number counts of the substructures in the cluster halos as
a function of their rescaled radial distances, r/rvir for the case that the host filaments
have the top 10% largest (blue lines) and the bottom 10% smallest specific sizes (red
lines), respectively.
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Chapter 6

An Observational Detection of
the Bridge E↵ect of Void
Filaments1
6.1

Introduction

Despite its extreme low-density, a void exhibits a dilute miniature of the cosmic web that
interconnects the void galaxies (e.g., Sahni et al. 1994; Gottlöber et al. 2003; Kreckel
et al. 2011; Aragon-Calvo & Szalay 2013; Alpaslan et al. 2014). The anisotropic spatial
correlation of the tidal shear field is believed to be mainly responsible for the formation
of the mini-web in a void just as it is for the cosmic web in the whole universe (van
de Weygaert & van Kampen 1993; Bond et al. 1996). As the tidal shear field develops
nonlinear correlations during the evolutionary process, the mini-web in a void region
should become more and more filamentary.
An intriguing issue is what e↵ect the filamentary mini-web has on the evolution of
the void galaxies and how strong it is. This can be addressed by looking for correlations
between the intrinsic properties of the void galaxies and the characteristics of the void
1

The content of this Chapter has been already published as the following journal paper: Shim et al.

(2015, ApJ, 815, 107) whose copyright is held by American Astronomical Society.
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filaments. In fact, the voids should be an optimal ground for the investigation of the
e↵ect of the filamentary web on the galaxy evolution (e.g., see Kreckel et al. 2011). First
of all, since the void filaments are much less intricate than their wall counterparts, it
is less difficult to identify and characterize them. Furthermore, since the densities of
the voids are all constrained to extremely low values, the e↵ect of the environmental
density on the properties of the void galaxies can be controlled and thus it should be
easier to single out the dependence of the galaxy properties on the filamentary web for
the case of the void galaxies.
The mini-filaments that pass through a void are expected to bridge the void galaxies with the surrounding denser regions. Hence, the gas and dark matter from the
surroundings can be transported into the void regions along the mini-filaments, which
would enhance the growth of the void galaxies (Park & Lee 2009b; Kreckel et al. 2011).
The recent observation of Beygu et al. (2013) which reported a detection of real-time
star-forming activities in the void galaxies embedded in the filamentary channels full
of HI cold gases is in line with this picture that the void galaxies can rapidly grow
through the filamentary connection with the surroundings.
The bridge e↵ect of void filaments was first noted and quantitatively investigated
in the numerical work of Park & Lee (2009b) using the Millennium Run semi-analytic
galaxy catalog (Springel et al. 2005). What they found was that the intrinsic properties
of the void galaxies such as the total mass, luminosity and blackhole mass are strongly
correlated with the degree of the straightness of the host filaments. Park & Lee (2009b)
suggested that the presence of this correlation should be attributed to the dependence
of the efficacy of gas transportation on the geometrical shapes of the void filaments:
the more straight void filaments should more efficiently carry gas and matter onto the
void galaxies. Here, our goal is to detect the bridge e↵ect of the void filament from
observational data.
The upcoming sections are outlined as follows. In Section 6.2 we describe how the
void filaments are identified from the Sloan void catalog and how the degrees of their
straightness are measured. In Section 6.3 we report an observational detection of the
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correlation signals between the luminosities of the void galaxies and the degrees of the
straightness of their host filaments. In Section 6.4 we summarise the results and discuss
what clues we can obtain to the formation and evolution of the void galaxies from this
observational detection as well as what future works would improve the current analysis. Throughout this paper, we assume a flat ⇤CDM universe where the cosmological
constant ⇤ and cold dark matter (CDM) dominate at the present epoch whose initial
conditions are described by ⌦m = 0.27, ⌦⇤ = 0.73,(h = 0.7,

8

= 0.8), to be consistent

with Pan et al. (2012).

6.2

Identifying the Mini-Filaments from the Sloan Voids

Since there is no unique way to define both the filaments and the voids, it is first necessary to decide on which algorithm to use for the identification of both. In the current
analysis, to be consistent with Park & Lee (2009b), we choose the filament-finding
and the void-finding algorithms developed by Colberg (2007) and Hoyle & Vogeley
(2002, hereafter HV02), respectively. The former is based on the minimal spanning tree
(MST) technique to find the networking pattern (i.e., MST) in the spatial distributions
of the point sources and identify the filamentary structures as the most conspicuous
cylindrical structures in the interconnected MSTs (Barrow et al. 1985; Colberg 2007).
In the HV02 algorithm, a void is identified as an underdense region containing only
field but no wall galaxies. The distance to the fourth nearest galaxy was used as a
criterion for the classification of a galaxy: For the wall (field) galaxy, d  dth (d > dth )
where dth is a given threshold distance whose value depends on the parent sample of
the galaxies (El-Ad & Piran 1997). The boundary of a void is approximated by the
continuous surfaces of the superimposed spheres that fit the underdense region (El-Ad
& Piran 1997; Hoyle & Vogeley 2002).
Pan et al. (2012) constructed a catalog of the local voids by applying the HV02 algorithm to the seventh Data Release of the Sloan Digital Sky Survey (SDSS DR7)(Abazajian
et al. 2009). The void catalog contains a total of 1055 giant voids in the redshift range
of 0  z  0.107. It is basically a magnitude-limited sample of the void galaxies for
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each of which information on redshift, equatorial coordinates and the r-band magnitude is all available. The e↵ective radii (Re↵ ) and the numbers of the member galaxies
(Ng ) of the voids were found to be in the ranges of 9.85  Re↵ /(h

1 Mpc)

 33.92 and

2  Ng  2984, respectively (Pan et al. 2012).
As Park & Lee (2009b) did, we exclude those voids which have less than thirty
member galaxies from the void catalog of Pan et al. (2012) on the grounds that the
filamentary structures are hard to find from those voids. A sample of 831 giant local
voids is constructed to which we apply the MST-based filament finding algorithm as
follows. For each void in the sample, the member galaxies are regarded as points. The
link between a randomly chosen point and its nearest point forms an initial MST, which
grows and become updated as the other points in the same void are sequentially added
to it in an decreasing order of the separation distances via an iterative search for the
nearest points.
A full MST comes out from each void if all of the points become connected. The
void filaments are obtained by reducing down a full MST, which requires us to specify
two parameters: the pruning level p and the separation threshold dc . After the minor
branches consisting of less than p points are all pruned away, the remaining part of
the MST is separated into several mini-filaments by disjoining the galaxies whose separation distances are larger than a given threshold dc (Colberg 2007). For the detailed
description of the MST-based filament identification procedures applied to the void
regions, see Park & Lee (2009a) and Park & Lee (2009b).
As done in Colberg (2007) and Park & Lee (2009b), the best pruning level p is
determined as the value at which the size distribution of the void filaments becomes
stabilized in the large size section, where the size S of a filament is defined as the spatial
extent of the three dimensional positions of its member galaxies. The size distribution of
the void filaments, dN/d log S, is calculated as the number of the void filaments whose
sizes S belong to the di↵erential interval [log S, log S + d log S] (Park & Lee 2009a).
Varying the pruning level p from 2 to 7, we repeatedly apply the MST-based filament finder to the 831 giant voids and determine dN/d log S. Figure 6.1 plots the size
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distributions of the void filaments from our void sample, dN/d log S, for six di↵erent
cases of the pruning level p. For the case of p  4, the functional form of dN/d log S
fluctuates with the change of p in the large size section (S

10 h

1 Mpc).

However,

note that it becomes stabilized against the change of p if p reaches and exceeds 5,
which leads us to determine the best pruning level to be p = 5. It is interesting to recall
that in the numerical experiment of Park & Lee (2009b) the size distribution of the
void filaments from the Millennium semi-analytic galaxy catalog was shown to become
stabilized at the same pruning level p = 5.
Since the best value of p depends on the number of the sample galaxies, we investigate how the best value of p changes if the minimum number of the void galaxies, say
Ng,min , di↵ers from the threshold value of 30 adopted by Park & Lee (2009b). Varying
the value of Ng,min from 20 to 50, we repeat the whole process to evaluate dN/d log S,
which is shown in Figure 6.2. Although the number density of the void filaments with
large sizes (S

5h

1 Mpc)

decreases substantially as the value of Ng,min increases,

it is found that the four di↵erent cases of Ng,min yield the same pruning level p = 5.
Furthermore, the correlation strength between the luminosity and the straightness of
the void filaments quantified by the Pearson product moment correlation coefficient r
turns out to be robust against the change of Ng,min (see section 6.3). Throughout this
paper, we set Ng,min at 30 to be consistent with Park & Lee (2009b).
To determine the value of dc , Park & Lee (2009b) sought for the value which maximizes the number of the void filaments consisting of four and more member galaxies.
They excluded the filaments with less than four member galaxies since those filaments
should always have high degree of straightness. Park & Lee (2009b) noted that the
number of the void filaments with four and more member galaxies varies strongly with
dc and reached the highest value when dc is equal to d¯ +

d

where d¯ and

d

are the

mean and the standard deviation of the separation distances of the member galaxies
belonging to the unpruned MSTs, respectively. Following Park & Lee (2009b), we calculate the values of d¯ and

from the unpruned MSTs of the void galaxies found in the

Sloan void catalog of Pan et al. (2012), we determine the critical separation distance
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dc as d +

d.

Among a total of 3172 void filaments found in the redshift range of 0  z  0.107
from the Sloan void catalog of Pan et al. (2012), the richest one turns out to have 38
nodes where the node is a jargon of the MST algorithm referring to a member galaxy
of a filament (Colberg 2007). Figure 6.3 shows the number of the void filaments Nfil
as a function of the number of their nodes, Nnode , in our sample. For the right-most
bin, we plot the accumulated numbers of the void filaments which have 13 or more
nodes. As can be seen, the number of the void filaments Nfil decreases sharply with
the number of the nodes Nnode , indicating that the filaments are relatively short in the
voids compared with the wall counterparts.

6.3

Correlations between the Galaxy Luminosity and the
Specific Sizes of Void Filaments

In the original work of Park & Lee (2009b) based on a N-body simulation, the linearity,
RL , of each filament, defined as the ratio of its end-to-end separation to its total length
was used as an indicator of the straightness where the total length of a void filament
was defined as the sum of the separation distances between the adjacent nodes (see also
Colberg 2007; Park & Lee 2009a). However, in our current work dealing with the void
filaments from real observations identified in redshift space, the linearity RL may not
be a good indicator of the degree of the straightness of a void filament since the total
length of a void filament that enters in the definition of RL depends sensitively on how
accurately the positions of the void galaxies are measured.
The systematic errors associated with the redshift-space measurement of RL may
severely contaminate the measurement of the correlations between the luminosity of the
void galaxies and the degree of the straightness of the hosting void filaments. Therefore,
instead of RL , we use the specific size of each void filament, S̃, defined as the size per
node as an indicator of the straightness. The concept of the specific size of a filamentary
structure was first introduced by Shim & Lee (2013) who showed that the filamentary
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structures having larger specific sizes tend to have more straight shapes (see Figure 6
in Shim & Lee 2013).

For each void filament in our sample, we also determine the mean absolute value
, |M̄r |, of the absolute r-band magnitudes of the member galaxies. Since the absolute
magnitude Mr of a galaxy has a negative value and what matters in the current analysis
is not the sign but the magnitude of Mr , we take the absolute value of |M̄r | to investigate
the correlation with the specific size of the hosting void filament. From there on, |M̄r |
denotes the mean absolute value of Mr averaged over the member galaxies of each void
filament in the sample.

Figure 6.4 plots how the void filaments in our sample are scattered in the plane
spanned by |M̄r | and S̃, showing an obvious trend that the averaged luminosity of
the void galaxies increases with the degree of the straightness of their host filament.
Before interpreting this trend as an observational evidence for the bridge e↵ect of the
void filaments, it should be critical to examine the possibility that the trend might be
just a consequence of the Malmquist bias (Malmquist 1936). Given that the Sloan void
catalog of Pan et al. (2012) is a magnitude-limited sample, the high-z void filaments
must be biased being composed only of very luminous galaxies. Moreover, as the voids
identified via the HV02 algorithm are likely to have larger (e↵ective) radii, the void
filaments identified via the MST-based filament-finder in the high-z voids may have on
average larger spatial extents. Therefore, it is reasonable to suspect that the Malmquist
bias would produce spurious signal of correlation between |M̄r | and S̃.
To avoid any false signal caused by the Malmquist bias, we consider only the lowest
redshift range of 0  z  0.02 at which are found a total of 148 void filaments whose
relation between S̃ and |M̄r | is shown in Figure 6.5. As can be seen, even at this
low redshift bin 0  z  0.02, the absolute mean values, |M̄r |, of the void filaments
still appear to be correlated with their specific sizes S̃. To quantify the correlation
between |M̄r | and S̃ of the 148 void filaments, we calculate the Pearson product moment
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coefficient, r, as (Wall & Jenkins 2012):

where

|M̄r | ⌘ |M̄r |

r=h

h |M̄r |

S̃i

h( |M̄r |)2 ih( S̃)2 i

h|M̄r |i and

S̃ ⌘ S̃

i1/2 ,

(6.1)

hS̃i. Here h|M̄r |i and hS̃i are the ensemble

averages of the mean absolute r-band magnitudes and the specific sizes over the 148
void filaments, respectively, and h( |M̄r |)2 i and h( S̃)2 i are the corresponding rms
fluctuations, respectively.
From the 148 void filaments with four or more member galaxies located at 0  z 
0.02, we find r = 0.37 ± 0.07 where the errors associated with the estimate of r is also
calculated as (Wall & Jenkins 2012)
r

=

1
(Nfil

r2
,
1)1/2

(6.2)

where Nfil is the number of the void filaments. To see at what confidence level the null
hypothesis of no correlation between |M̄r | and S̃ is rejected, we perform the student-t
statistics as (Wall & Jenkins 2012)
r(Nfil 2)1/2
t=
,
(1 r2 )1/2

(6.3)

where Nfil 2 is the degree of freedom of the t-variable. Plugging r = 0.37 and Nfil = 148
into Equation (6.3), we find that the null hypothesis is rejected at 99.999% confidence
level.
Now that we find an observational evidence for the correlation between S̃ and |M̄r |,
we would like to investigate if the strength of correlation depends on the richness of
the void filaments (i.e., the number of nodes, Nnode ). Dividing the void filaments at
0  z  0.02 into three Nnode -bins, we calculate r separately by using only those void
filaments belonging to each Nnode -bin. Figure 6.6 shows the S̃-|M̄r | scatter plots for
three di↵erent bins of Nnode . Table 6.1 also lists the mean redshifts, the numbers of
the void filaments and the estimated values of the Pearson product moment correlation
coefficient r between S̃ and |M̄r | (the fourth column) for three Nnode -bins. As can be
read, the richer filaments exhibit stronger correlations between |M̄r | and S̃. The value
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of r reaches as high as 0.6 for the richest case of 11  Nnode  27. It is also worth
noting that the increase of r with Nnode is not caused by the redshift-di↵erence among
the three Nnode -bins.
We have so far followed the frequentist’s approach to quantify the correlations
between |M̄r | and S̃. However, the reliability of the frequentist’s approach depends
on the sample size. Given that the numbers of the low-z void filaments at each Nnode bin are not large enough to guarantee the success of the frequentist’s approach, we also
take the Bayesian approach by computing the posterior probability density distribution
of the true correlation coefficient, ⇢ as (Wall & Jenkins 2012)
p(⇢|r, data) /

Nfil 1
2

(1

⇢2 )

(1

r⇢)Nfil

3
2

"

1+

1
Nfil

1
2

#
1 + r⇢
+··· ,
8

(6.4)

where p(⇢|r, data) represents the conditional probability of ⇢ provided that the Pearson
product moment correlation coefficient has the value of r at each Nnode -bin. Here, we
R
assume a flat prior for p(r) and normalized p(⇢|r, data) to satisfy p(⇢|r, data) = 1.
The left, middle and right panels of Figure 6.7 show p(⇢|r, data), for the cases of 4 

Nnode  6, 7  Nnode  10 and 11  Nnode  27, respectively. As can be seen, the
maximum probability is achieved when the true correlation coefficient exceeds 0.6 for
the case of the richest filaments, supporting the results obtained from the frequentist’s
approach.
The observed trend that the correlation between |M̄r | and S̃ becomes stronger
with the richness of the void filament can be understood as follows. The richer void
filaments correspond to deeper gravitational potential well which can accommodate
larger amounts of cold gas, which in turn can be transported even to the central regions
of the voids from the surroundings if the void filaments are more spatially extended. In
consequence, the mean luminosity of the void galaxies located in the richer filaments
would develop more sensitive dependence on the spatial extents of the filamentary
networking.
It may be worth examining the dependence of the final result on how to quantify
the degree of the straightness of the void filaments. As in the original work of Park
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& Lee (2009b), we measure the linearity RL of the 148 void filaments and investigate
the correlations between RL and |M̄r | at three Nnode -bins, which are shown in Figure
6.8. The Pearson product moment correlation coefficients between RL and |M̄r | for
the three di↵erent Nnode -bin are listed in the fifth column of Table 6.1. As can be
seen, no correlation is found between RL and |M̄r |, which is inconsistent with the
result of Park & Lee (2009b) whose numerical analysis found the existence of a strong
correlation r = 0.67 between them. To understand where this inconsistency stems from,
we examine how strongly RL and S̃ are correlated with each other for the three Nnode bins, the results of which are shown in Figure 6.9 and listed in the sixth column of Table
6.1 . As can be seen, a signal of mild correlation is found for the case of 7  Nnode  11
but no signal at all for the other two cases.
Note that for the case of 4  Nnode  6, the linearity tends to be biased toward
high values of 0.4  RL  1. As explained in Park & Lee (2009b), for the case that the
filaments have small number of nodes, the linearity RL is prone to high values, failing to
represent well the degree of filament straightness. For the case of the rich filaments with
large number of nodes, the linearity RL is a good indicator of the filament straightness
only provided that the positions of the nodes are measured with high accuracy. When
the measurements are done in the redshift space, however, the redshift-space errors
would contaminate the measurement of each of the positions of the nodes, which would
propagate into the errors in the measurements of the total lengths of the filaments.
The larger numbers of the nodes a filament has, the larger amount of propagated error
would contaminate the measurement of its total length which would in turn cause large
uncertainties in the estimate of its linearity.

6.4

Summary and Discussion

The aim of this work was to observationally test the scenario suggested by Park & Lee
(2009b) that the void galaxies located in the more straight filaments would be more
luminous since the efficacy of the gas accretion along the void filaments into the void
galaxies increases with the degree of the straightness of the void filaments. The catalog
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of the giant galaxy voids constructed by Pan et al. (2012) from the SDSS DR7 datasets
with the help of the HV02 void finding algorithm (Hoyle & Vogeley 2002) has been
used as the parent sample and the MST-based filament finder was employed to identify
the filamentary structures in the galaxy voids.
Determining the specific size (size per node, S̃) of each void filament as a measure
of its straightness and the mean absolute value of the absolute r-band magnitude |M̄r |
of the member galaxies, we investigated if and how |M̄r | is correlated with S̃ on average
by measuring the Pearson product moment correlation coefficient, r, between the two
quantities. To avoid false signals of correlation between S̃ and |M̄r | caused by the
Malmquist bias, we have focused only on the lowest redshift for the detection of the
bridge e↵ect. From a total of 148 void filaments consisting of four or more member
galaxies (nodes) in the redshift range of 0  z  0.02, it is found to be r = 0.37 ± 0.07.
Although this observational signal is not quantitatively consistent with the numerical
estimate, r = 0.67, by Park & Lee (2009b) based on the Millennium run semi-analytic
galaxy catalog (Springel et al. 2005), it is a five sigma signal and thus may be regarded
as the observational evidence for the existence of the bridge e↵ect of the void filaments.
We have also inspected if and how the strength of correlation between |M̄r | and S̃
changes with the node number Nnode of the void filaments (i.e., the richness of the void
filaments) and noted a trend that the value r gradually increases with the richness of
the void filament. Our explanation for this trend is as follows. A richer filament must
correspond to a deeper well of the gravitational potential that could accommodate
larger amounts of gas inflow from the surroundings. In consequence the void galaxies
located in a richer filament would develop more sensitive dependence on the degree of
the straightness of void filament.
The straightness of the void filaments reflects how anisotropic the spatial distributions of the void galaxies are. As the voids evolve and their densities decrease, they
would become more susceptible to the external tidal forces, which in turn augment
the degree of the anisotropy of the spatial distributions of the void galaxies. In other
words, the capacity of the void filaments as a transportation channel would increase
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in the nonlinear stage of the void evolution where the tidal shear field develop nonlinear correlations. In consequence, the star formation activity in the void galaxies would
become stimulated by the efficient supply of the cold gases along the straight void filaments. The presence of the bridge e↵ect of void filaments that has been confirmed by
our observational analysis may provide an important clue to the mechanism through
which the void galaxies become gas richer, bluer colored, and have higher specific star
formation rates than their wall counterparts (e.g., Rojas et al. 2004; Kreckel et al. 2011;
Beygu et al. 2013; Ricciardelli et al. 2014).
It should be worth noting here that since only very luminous galaxies can be observed at high redshifts (Malmquist 1936), the void filaments identified at high redshifts
via the MST technique would not reflect well enough the degree of the anisotropy tidal
shear field. The very luminous galaxies are believed to be embedded in the massive dark
matter halos that are strongly biased tracers of the matter density field (e.g., Bardeen
et al. 1986). As the very luminous galaxies are expected to have formed at the high
peaks of the matter density field whose gravitational collapse proceeds quite isotropically (Bernardeau 1994), the high-z void filaments would fail to capture the unbiased
features of the nonlinear matter density field, no matter how straight they are. In other
words, to represent the anisotropic nature of the tidal shear field and its e↵ect on the
evolution of the filament halos and galaxies in void regions, the filaments must be identified from the unbiased tracers including the dim galaxies (or low-mass halos). This
logic can also explain why we have restricted our analysis to the low-z void filaments
with 0  z  0.02 from a magnitude-limited sample instead of the volume-limited
high-z sample, even though the latter is free from the Malmquist bias.
However, we have yet to answer the fundamental question of what caused the bridge
e↵ect of void filaments. A more comprehensive study based on cosmological hydrodynamic simulations will be desirable to quantitatively understand why and how the
accretion of cold gas occur more efficiently along the straight filaments that emerge
during the nonlinear stage of the void evolutions. Also, in the original work of Park
& Lee (2009b), not only the mean luminosity but also the mean mass of the central
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blackholes of the void galaxies were found to be higher in the more straight void filaments. In fact, it was the mean mass of the central blackholes that yielded the strongest
correlation with the degree of the straightness of the void filaments. Although it is very
hard to measure directly the masses of the central blackholes, the X-ray luminosities of
the void galaxies with active galactic nuclei (AGN), if any, could be used to quantify
how massive their central blackholes are. Our future work will focus on searching for
the AGN galaxies in the void regions and exploring observationally if and how their
AGN activities are correlated with the degree of the straightness of the void filaments.
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Figure 6.1. Size distribution of the void mini-filaments for six di↵erent cases of the
pruning level p. Here, a void filament represents the primary structure of a MST from
which the minor twigs having less than p nodes are removed and its size S is define as
its spatial extent. It is clear that the convergence of dN/d log S in the large S-section
appears at p

5.
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Figure 6.2. Number distribution of the sizes of void filaments in interval [log S, log S +
d log S] for four various minimum number of galaxies in a void Ng,min applied for the
giant void selection.
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Figure 6.3. Number counts of the void filaments having four or more nodes from the
Sloan void catalog by Pan et al. (2012) as a function of the node number, Nnode .

Role of Filaments in Void

149

Figure 6.4. Specific sizes of the 3172 void filament S̃ ⌘ S/Nnode (size per node) versus
the mean absolute r-band magnitude of its member galaxies |M̄r | from our sample.
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Figure 6.5. A total of 148 void filaments with four or more member galaxies at 0 
z  0.02 from the Sloan void catalog of Pan et al. (2012) in the S̃

|M̄r | plane.
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Figure 6.6. Same as Figure 6.5 but for three di↵erent bins of the number of node
Nnode .
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Figure 6.7. Posterior probability density distribution of the real correlation coefficient
⇢ provided that the Pearson product moment correlation coefficient r has the resulting
value from our sample at 0  z  0.02 for three di↵erent cases of Nnode (solid line). In
each panel the dashed line corresponds to the case of a mild correlation (⇢ = 0.5).
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Figure 6.8. Same as Figure 6.6 but replacing the specific size S̃ by the linearity RL
to represent the degree of the straightness of the void filaments.
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Figure 6.9. Specific sizes S̃ of 148 void filaments versus their linearities RL .
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Richness (Nnode ), mean redshift (z̄), number of the void filaments (Nfil )
and Pearson product moment correlation coefficients (r).

Nnode

z̄

Nfil

r(S̃, |M̄r |)

r(RL , |M̄r |)

r(RL , S̃)

[4, 6]

0.012 ± 0.005

91

0.29 ± 0.10

0.04 ± 0.10

0.21 ± 0.10

[7, 10]

0.014 ± 0.003

34

0.50 ± 0.13

0.21 ± 0.16

0.46 ± 0.14

[11, 27]

0.013 ± 0.004

23

0.60 ± 0.13

0.00 ± 0.21

0.10 ± 0.21
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Chapter 7

Concluding Remark
Cosmological applications of filamentary structures in the Universe are presented in
this thesis. The applications are divided in two contexts, one for filament as a probe
to constrain cosmological models and the other for studying the e↵ects of filament on
its constituent halos and galaxies. Summary as well as the physical implications and
prospects of both subjects are described in the following.
In the first part, we presented the applications of filament as a complimentary
cosmological probe. We identified filaments by applying friend-of-friend (FOF) and
minimal spanning tree (MST) to the massive halos (Mh

1013 M h

1)

of simulations

of various cosmological models including the ⇤CDM, coupled dark energy (cDE) and
f (R) gravity with and without massive neutrinos, and compared the straightness of
those filaments. In the cDE universe where the dark energy is not inert ⇤ but a scalar
field that interacts with dark matter, the filaments are statistically rounder than those
in the ⇤CDM models. The filaments with rounder configuration in the cDE models can
be understood as a consqeunce of an additional attractive force, which is induced by the
coupling between the scalar field dark energy and dark matter, acting on bending the
filaments. The redshift evolution of filament straightness showed that more statistically
significant discrimination between the ⇤CDM and cDE is possible at higher redshift.
Similar results are also found in the f (R) gravity model which substitutes Ricci
scalar R to function of R to change gravitational law at cosmological scale. The filaments
159
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in the f (R) gravity models are rounder than those in the ⇤CDM universe due to
an additional attractive force generated in f (R) gravity models which contributes to
bending the filaments. The straightness di↵erence between the ⇤CDM and f (R) model
becomes smaller at higher redshift in contrary to the case of the cDE and ⇤CDM, which
means f (R) gravity can be distinguished not only from the concordance cosmology but
also from the cDE models. We also found that the massive neutrinos counter act to the
e↵ect of f (R) gravity on filament straightness by studying filaments in f (R) gravity
universe with massive neutrinos. As the total neutrino mass increases, the strength
of the e↵ect of the massive neutrinos straightening the filaments becomes stronger.
Although at certain mass, the e↵ect of f (R) gravity and that of massive neutrino on
filament straightness cancel out, it is possible to distinguish ⇤CDM from f (R) gravity
with massive neutrinos with redshift evolution of filament straightness.
Finally, we conducted a feasibility study by applying the previous approach to
galaxy distributions of observation and simulation to test if the ⇤CDM is consistent
with the observed Universe in terms of filament straightness. It is shown that the
observed distribution of filament straightness falls in the range spanned by those of
mock distributions of simulation. It will be more valuable to detect deviation from
the ⇤CDM (if any) with galaxy surveys covering higher redshifts, since the deviation
in higher redshift will provide additional constraints on the underlying cosmological
model.
In the second part, we studied the e↵ect of filaments on the galaxy (halo) formation
and evolution. First, we examined the substructure abundance of cluster halos as a
function of host filament straightness by analyzing the halos of cosmological simulation.
Large-scale filaments are identified by applying the FOF and MST to cluster halos
(Mh

1014 M h

1 ).

It is found that the clusters in straighter filaments tend to have

fewer substructures and vice versa. This negative correlation persists, even if the number
of member clusters of the filaments is fixed, or the formation redshift of clusters is
constrained to a narrow range. To explain the pheonomena, we claimed that subhalo
infalling and matter accretion in straighter filaments are more severely obstructed by
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the development of stronger flows perpendicular to the filaments. The results open a
possibility that the alignment of minor axis of the tidal field generated by cluster halos
also non-negligibly controls the substructure abundance in clusters.
We also represented an observational detection of the correlation between the luminosity of galaxies and straightness of their host filaments in voids. By identifying void
filaments from galaxies in voids, we found that the mean luminosity of void galaxies
is brighter in straighter void filaments. Furthermore, the strength of the correlation
becomes stronger as the number of member galaxies in void filament increases. These
correlations imply that straighter void filament transports matter and gas more efficiently and that the void filament with more galaxies develops deeper potential well
resulting in tighter correlation. The correlation found between the galaxy luminosity
and filament straightness is an observational evidence that supports the bridge e↵ect
of void filaments which states that void filaments transport matter and gas from outside into void galaxies. This observational findings can provide a hint to void galaxies
being bluer, gas-richer, and showing more active star formation activities than wall
counterparts.
Throughout the thesis, we showed that filamentary structures of the universe are
particularly important in the context of cosmology and galaxy (halo) formation and
evolution. Since the characteristics of filaments depend on the underlying cosmology, we
suggested the straightness of filaments as a complimentary cosmological test. We also
studied the roles of filaments in galaxy (halo) formation and evolution and demonstrated
that filaments influence on their galaxies (halos) by controlling infall and accretion onto
galaxies (halos). Upcoming large galaxy redshift surveys including Euclid, eBOSS, and
DESI will observe much larger number of galaxies even at higher redshifts. These will
reduce statistical uncertainties in measurement of filament straightness and provide an
observational constraints on the redshift evolution of filament straightness. At the same
time, it is possible to study the evolution of galaxies in filaments which will elaborate on
the process of filaments a↵ecting galaxies. On the other hand, cosmological simulations
with higher resolutions and improved prescriptions of detailed physics will provide
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better predictions to be compared with observation for the cosmological studies dealt
in this thesis. Thus, the cosmological application of filamentary structures will become
more important and interesting subject in near future.
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