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Abstract

On the largest cosmological distance scales, the cosmic web forms the backbone

of the Universe. This network connects dark matter, galaxies and gas through a

variety of structures. Galaxies that reside in di�erent cosmic web environments are

subject to a range of di�erent physical mechanisms which can ultimately dictate

the evolutionary path they take. At one end of the density scale, galaxy clusters

exist that can quench and ultimately transform galaxies as they encounter the

intracluster medium and the high density of galaxies. This results in a higher

fraction of quiescent and early type galaxies in clusters compared to the �eld.

Further down the density scale are cosmic �laments. A substantial fraction of the

Universe's mass budget is located in these environments. Filaments are a conduit

through which galaxies are funneled through into the dense core of a galaxy cluster.

Whilst there is strong evidence suggesting that galaxies experience environmental

in
uence long before they reach the core of a cluster, (pre-processing), exactly

where and when these changes take place is not well constrained.

Motivated by upcoming wide-�eld spectroscopic surveys of galaxy clusters, such

as the WEAVE Wide Field Cluster Survey (WWFCS), we begin with an in-

vestigation into the feasibility of extracting cosmic web �laments around galaxy

clusters with surveys like the WWFCS. We use hydrodynamic simulations from

TheThreeHundred project of galaxy clusters to design mock observations for

the WWFCS by taking into account observational selection e�ects. After extract-

ing cosmic web �laments around galaxy clusters using the topological structures

extractor DisPerSE in our mock observations, we compare them to the `ground

truth' simulated case. Reassuringly, we �nd that surveys like the WWFCS will

succeed in providing detailed maps of the local cosmic web around galaxy clusters.
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We then turn our attention to one of the main questions we aim to answer in

this thesis: can we accurately allocate individual galaxies to di�erent cosmic web

environments? This is a crucial test: for surveys like the WWFCS to draw con-

clusions on how galaxy evolution is impacted by its environment, we need to know

how accurately we can allocate galaxies to these environments in the �rst place.

In order to answer this question, we design a framework where we separately use

information available from simulations and from observations to classify galax-

ies as residing in the cluster core, �laments, and those that located in neither.

Whilst we report galaxy-to-galaxy and cluster-to-cluster variations in our ability

to classify galaxies, overall, characterizing �lamentary galaxies is highly uncertain.

However, most importantly, we outperform a random classi�cation of galaxies to

di�erent environments. Taking into account our statistical treatment, surveys like

the WWFCS will be able to draw robust conclusions on how environment shapes

galaxy evolution. We also brie
y discuss more recent work using Machine-Learning

to drastically improve our success rates.

Having established our ability to accurately map cosmic �laments in the infall

regions of massive galaxy clusters, we then consider the systematic identi�cation

of galaxy groups. Like �laments, evidence suggests that galaxy groups can pre-

process galaxies prior to their accretion onto a cluster. Given that cosmic web

nodes are directly identi�able through observations, we test their co-location with

galaxy groups. In this study, we show a substantial fraction of massive groups

that are distant from the cluster core match to cosmic web nodes.DisPerSEcan

therefore be used to identify both cosmic web �laments and galaxy groups with

relative success.

The work in this thesis uses simulations fromTheThreeHundred project to

test, optimize and forecast the ability of upcoming surveys to trace the cosmic web

around galaxy clusters. Along with previous studies, we pave the way for wide-

�eld optical spectroscopic surveys of galaxy clusters to extract cosmic �laments

and galaxy groups.
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Chapter 1

Introduction

The ultimate aim of this thesis is to try and better understand our ability to

extract cosmological structures in close proximity to galaxy clusters. If we want

to eventually understand the role that di�erent cosmic web environments play on

the evolution and formation of galaxies, then we need to investigate whether we

can accurately classify galaxies into such environments. In doing this, we need

to understand what exactly we mean by the cosmic web, as well as realizing the

individual components that comprise it. Only after laying down this groundwork

can we properly investigate their dependencies, and, in turn, the role that large-

scale structure plays in the mass assembly of galaxies.

In this chapter, we �rst introduce the cosmic web and its detection in Section 1.1.

In Section 1.2, we discuss the individual components of the cosmic web and meth-

ods that are used to detect them observationally. In Section 1.3, we talk about

the link between di�erent cosmic web environments and the evolution of a galaxy

residing in them. Finally, in Section 1.4, we describe the structure of this thesis.

1.1 Large-scale structure: the cosmic web

The Universe we live in exhibits complex structures across a wide range of scales.

At some of the smallest scales, quantum mechanics dictates the presence and struc-

ture of subatomic particles that form nuclei. The atoms these comprise form the

1



Figure 1.1: Cosmic web reconstruction using galaxies from the Sloan Digital Sky
Survey (SDSS). Top panel: the �lament network created using the Monte Carlo
Physarum Machine, taking inspiration from the slime mold model. The bottom
panels shows three regions with the underlying SDSS galaxy positions and the
superimposed �lament density �eld. The model can trace the underlying galaxy
distribution, taking in only galaxy coordinates, redshifts and masses. Taken from
Burchett et al. (2020).

building blocks of chemicals, compounds and organisms. The neuronal network is

an example of such a structure that exists on a human scale. This is a hierarchical

network in which neurons cluster into circuits, columns and di�erent intercon-

nected functional areas (Vazza & Feletti, 2020). Nature has a way of replicating

these networks on larger scales. The `slime mold'Physarum polycephalumis a uni-

cellular organism that is known to explore its environment for food sources and

shape itself into highly intricate networks. The slime mold has been used to re-

construct highly e�cient transport networks, such as the Tokyo rail system (Tero

et al., 2010). However, the multi-scale nature of these networks extends further.

Within galaxies, �lamentary structures extend on parsec1 scales that connect giant

molecular clouds (Jackson et al., 2010). On the largest scales, the Universe weaves

a vast network known as the cosmic web that connects di�erent cosmic structures.
1The parsec, abbreviated as pc, is a unit often used for measuring cosmological distances.

1pc = 3:09� 1016m
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Whilst the cosmic web spans many more orders of magnitude in distance compared

to the neuronal networks of the brain and slime mold, it demonstrates a remark-

able similarity to these smaller-scale networks (e.g. Burchett et al. 2020; Vazza

& Feletti 2020). This implies a scale-free nature to these networks. Figure 1.1

illustrates how the `slime mold model' is used to reconstruct the cosmic web. In

what follows, we describe the largest of these types of network: the cosmic web.

1.1.1 History of the cosmic web

Whilst Zel'dovich (1970) was the �rst to predict the presence of components of the

cosmic web, (namely pancakes and voids), the term `cosmic web' was �rst coined

by Bond et al. (1996). They found that the �nal-state cosmic web is actually

present in embryonic form in the overdensity pattern of the initial 
uctuations.

This structure arises due to the presence of small perturbations that propagate

through the early Universe's primordial plasma, which is visible through temperate


uctuations in the cosmic microwave background. This results in over and under-

densities, providing the seeds of structure growth (Springel et al., 2006). Over

cosmic time, these 
uctuations are ampli�ed through gravity and build highly

asymmetrical structures. Overdense regions �rstly collapse to form walls, then

collapse through two principal axes to form �laments before �nally forming clus-

ters (Arnold et al., 1982). The end result is the cosmic web { the dark matter

skeleton that connects the Universe.

1.1.2 Observing the cosmic web

At a similar time to the theoretical predictions of the cosmic web (Zel'dovich,

1970; Shandarin & Zeldovich, 1989), some of the �rst large-area galaxy redshift

surveys provided observational evidence of a local anisotropic distribution of mat-

ter. The �rst CfA redshift survey, conducted by Huchra et al. (1983), mapped 2400

galaxies down tom � 14:5 using optical spectroscopy. In order to map galaxies

in three-dimensions, we need an estimate of their line-of-sight distance. From

spectroscopy one can measure redshift, via the relative change in wavelength of a

spectral feature. In an expanding Universe, the redshift is related to the distance

3



Figure 1.2: Comparison of the �rst redshift survey to provide evidence of a large-
scale network compared to a more recent, improved map. Top panel: approxi-
mately 2000 galaxies identi�ed through spectroscopy in the �rst CfA survey (de
Lapparent et al., 1989). Bottom panel: approximately 700,000 galaxy identi�ed
in the SDSS-MAIN survey (York et al., 2000), providing a much more detailed
picture of the cosmic web.
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to the source. For small cosmological distances, one can approximate distances

using the recessional velocity inferred from the redshift, via the Hubble Constant.

At greater distances, one needs to use a full cosmological model to convert redshift

to a distance. However, there is a complication: in addition to the cosmological

expansion, the observed redshift also includes components due to the peculiar

velocities of both the observer and the emitter in their local cosmological rest

frames. The correction for the observer's velocity a�ects all measurements in a

systematic way. On the other hand, if we simply convert observed galaxy redshifts

to distances, they will scatter around the true distance. For nearby galaxies, the

observed redshifts are dominated by peculiar velocities. Further a�eld, distances

estimated from redshift are relatively accurate, and the cosmic web can be dis-

cerned. However, the blurring along the line-of-sight complicates the identi�cation

of individual structures.

Subsequently, de Lapparent et al. (1989) complemented this survey and was the

�rst to detect a network of structures, including clusters and voids. Over the

following decades, numerous redshift surveys studied the cosmic cartography of

the low redshift Universe. Surveys such as the Sloan Digital Sky Survey (SDSS,

York et al. 2000), the Two-Degree Field Galaxy Redshift Survey (2dFGRS, Colless

et al. 2001), the Galaxy and Mass Assembly survey (GAMA, Liske et al. 2015), the

VIMOS Public Extragalactic Redshift Survey (VIPERS, Mohammad et al. 2018)

and, more recently, the Dark Energy Spectroscopic Instrument (DESI, Secco et al.

2022) all probe the distribution of galaxies over a wide area, providing compelling

observational evidence for the presence of a cosmic web. Over the last �fty years,

the detail of the map of the local Universe has improved tremendously, made

possible by higher �ber multiplexes resulting in improvements in sampling rates

of galaxies as well as the exploration of fainter magnitudes. This is illustrated

in Figure 1.2, where a much clearer depiction of the large-scale structure of the

Universe is presented by the SDSS in the bottom panel, compared to the CfA's

`slice of the Universe' distribution in the top panel.

Through the aforementioned surveys, we are now able to visualize some of the

striking features present in the cosmic web. These features include nodes, (often

identi�ed as clusters), long tendrils connecting nodes, known as cosmic �laments,

sheets (or walls), and void regions. We will go into more detail about these

structures in the following sections. The presence and evolution of these four

5



structures follows a well-de�ned process, described by the Zel'dovich formalism.

For a three-dimensional overdense region to collapse, its self-gravity must overcome

both the cosmological expansion and the tidal �eld due to surrounding structure.

This requirement may be reached in some directions, but not in others, so a

given region may only be collapsing along one or two axes. Generally, a three

dimensional overdense region collapses along all three directions under the force of

gravity. This initial density is not static, but is undergoing cosmological expansion.

However, the collapse is primarily along one direction, resulting in the formation of

a two dimensional sheet. Following this, the collapse continues through the next

most signi�cant principal axes to form �laments before �nally forming clusters

(Arnold et al., 1982). This well ordered sequence of anisotropic gravitational

collapse is illustrated in Figure 1.3. We note that this is a simpli�ed model that

we are imposing on a more complicated reality to aid understanding.

Currently, observations alone can not provide a holistic view of the formation and

evolution of the cosmic web. One of the main reasons is that even at low red-

shift, certain low-contrast features of the cosmic web remain incredibly di�cult

to distinguish from spurious patterns in the matter distribution. Cautun et al.

(2014) displayed the distributions of overdensities in di�erent cosmic web struc-

tures and found that there are large overlaps in the density distributions between

each consecutive environment. For example, �laments have a broad overdensity

distribution which overlaps with nodes, walls and voids. As a result, characteriz-

ing the cosmic web is non-trivial, especially observationally. Fortunately, there are

other tools we can use that allow us to help plan and optimize the characterization

of cosmic structures in future observations.

1.1.3 Simulations of the cosmic web

It is important to note that our current understanding of the large-scale structure

of the Universe requires the presence of dark matter. Whilst we do not know what

dark matter is made of, it is theorized to be the underlying skeleton of the cosmic

web, which baryonic matter is later accreted on to. Cold dark matter (CDM) is

the most widely accepted paradigm. Simulations have shown that, without the

incorporation of CDM, baryonic matter would not have su�cient time to form the

structures we see in the present day (Davis et al., 1985). Furthermore, the most

6



Figure 1.3: The formation and evolution of cosmic web structure, from an initial
overdensity to a galaxy cluster. The sequence starts in the left most panel where
an ellipsoidal overdensity collapses along one axis to form a sheet. This is followed
by a contraction along the second major axis to form a �lament before �nally fully
collapsing to form a cluster. This �gure is taken from Cautun et al. (2014).

commonly used cosmological model also incorporates `dark energy' (�) to explain

the accelerating expansion of the Universe (Riess et al., 1998; Perlmutter et al.,

1999). These contents form the basis of the `standard model' of cosmology, known

as �CDM.

In terms of numerical simulations of large-scale structure, not knowing the nature

of dark matter is, counter-intuitively, currently not a huge hindrance. CDM is

collisionless and only interacts through gravity, meaning that computer simula-

tions ran only using dark matter particles are relatively inexpensive. Given that

evidence suggests that CDM outweighs baryonic matter by a factor of �ve to one,

dark matter only simulations are relatively successful at recreating observed large-

scale structure, (see Angulo & Hahn 2022 for a review), as well as the underlying

substructure of dark matter haloes (Kuzio de Naray et al., 2009). Also known as

N-body simulations, these involve using the equations of motion of a large number

of particles, as well as their interacting forces, and numerically integrating them

over time to study the evolution of a system from a set of initial conditions.

The Universe, however, does not only contain dark matter, and a lot of the astro-

physical processes that play an important role in the evolution of cosmic structures

are directly impacted by baryonic physics. As a result, to make N-body simula-
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tions more realistic, it is necessary to model with hydrodynamics. By simulating

with hydrodynamics, we can incorporate mechanisms that include baryonic, gas

and stellar physics. These processes are mainly con�ned to smaller, kpc scales,

such as active galactic nuclei (AGN) feedback, supernova feedback, radiative cool-

ing and shocks (Springel et al., 2001; Springel, 2005; Beck et al., 2015; Hopkins,

2015; Dav�e et al., 2019). Whilst including these features in the simulations is a

necessary component to understand galaxy formation and evolution, they are far

more computationally expensive than the dark matter only N-body simulations.

There currently exists a plethora of simulations that focus on di�erent components

of the cosmic web. These range from large-scale cosmological box simulations to

zoom-in resimulations of overdense regions, such as galaxy clusters. I discuss the

simulations used in this work in detail in Chapter 2.1.2.

1.2 Components of the cosmic web

1.2.1 Galaxy clusters

Galaxy clusters are the densest region in the cosmic web that typically reside at the

location of nodes (Arag�on-Calvo et al., 2010; Cohn, 2022). Being the most massive

gravitationally bound structures in the Universe, galaxy clusters host hundreds to

thousands of galaxies and are generally di�erentiated from other structures by

hosting a halo with mass exceeding 1014M � . They are virialized objects, meaning

that the kinetic energy of the cluster galaxies and intracluster gas is balanced

by the gravitational potential energy of the entire system. Galaxy clusters are

theorized to form via hierarchical structure formation. This is a `bottom-up'

process, in which small objects merge early on to form the most massive structures

that we identify today (Gunn & Gott, 1972).

Dark matter haloes do not have sharp boundaries. Instead, it is common practise

to use the following equation to de�ne a radius based on the overdensity:

r � =
�

3M �

4� � � crit

� 1=3

; (1.1)
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Figure 1.4: Observations of the galaxy cluster Abell 1689. Overlaid on a composite
Hubble Space Telescope image is the dark matter distribution, inferred through
lensing, in blue. The white contours correspond to the spatial distribution of mass
from Chandra X-ray data that traces the ICM in the galaxy cluster. Image credits:
NASA, ESA, E. Julio., (Scarlata et al., 2013).

where � is the density contrast (( � � �� )=�� ), M � is the mass enclosed within a

given radiusr � and � crit is the critical density of the Universe. The values of �

di�er depending on the types of observations one is using and what part of the

cluster region they are probing. Going forward, we will refer toR200, that is the

radius r at which the density drops below 200� crit . Simulations show that this

radius is su�cient to separate infalling material from the relaxed part of a cluster.

Typically, for galaxy clusters, this is between 1-3h� 1 Mpc. h is the dimensionless

equivalent of the Hubble ConstantH0. Typically h = H0 / (100 km/s/Mpc), but

other de�nitions are found. Galaxy clusters are complex bodies and feature many

di�erent components, most of which are directly or indirectly observable. In the

next few paragraphs, we brie
y outlay the constituents of a galaxy cluster.

Firstly, is the dark matter halo: the galaxy cluster's largest mass component,

contributing to approximately 90% of the total cluster mass (Gonzalez et al.,

2013). At low redshift, galaxy clusters have decoupled from the Hubble expansion

and contain gravitationally bound matter, which, in turn, is responsible for the
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accretion of baryonic matter. Whilst it is not possible to observe the dark matter

halo, indirect methods, such as gravitational lensing yield information about its

mass content and density (Soucail et al., 1988; Hoekstra et al., 2013). This is

illustrated in Figure 1.4 where the dark matter content of Abell 1689 is illustrated

in blue. Further to this, N-body simulations indicate that the radial density

pro�le of a dark matter halo can be modelled well by the Navarro-Frenk-White

pro�le (NFW; Navarro et al. 1997). Although problems exist with this model,

it is generally a good approximation and is further supported by weak lensing

measurements (Okabe et al., 2013).

The cores2 of galaxy clusters are high density regions, where a large number of

galaxies are packed into a relatively small volume of space. Within the virialized

core of the cluster is the Intracluster Medium (ICM), contributing to approxi-

mately 10% of the cluster's mass budget (Lau et al., 2009). The ICM is the main

baryonic component of a galaxy cluster. It is a relatively low density (10� 3 cm� 3)

hot (107 K) plasma that permeates the cluster main halo and is visible at X-

ray wavelengths (Evrard, 1990; Mohr et al., 1999; Peterson & Fabian, 2006) and

through the Sunyaev-Zeldovich e�ect (Sunyaev & Zeldovich, 1972). The contours

in Figure 1.4 illustrates the X-ray emission from the ICM. Whilst the origin of

ICM is debated, a common theory is that ICM is heated through various hydro-

dynamic processes, such as AGN and supernova feedback. In turn, this is enabled

through continuous accretion of matter from cosmic �laments and through merger

events (Di Mascolo et al., 2023).

The brightest galaxy in a cluster is known as the BCG (brightest cluster galaxy)

which theoretically sits at the bottom of the cluster's potential well and is sur-

rounded by lower mass satellite galaxies. The BCG is, therefore, often used as

a reference for the `centre' of a galaxy cluster, which aligns well with the peak

of the X-ray emission (Lin & Mohr, 2004), although evidence suggests that this

can depend on the recent accretion history of the cluster (Martel et al., 2014).

BCGs are thought to form through the merger of several massive galaxies early in

the cluster's history, as well as the ingestion of smaller satellite galaxies (Ostriker

& Hausman, 1977; Merritt, 1984). They are generally elliptical and are some of

the most massive galaxies in the Universe, sometimes exceeding stellar masses of

M � > 1012M � (Zhao et al., 2015). Within the inner few hundreds of kiloparsecs of

2Throughout this thesis, we refer to the `core' as the virialized region of a cluster
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the cluster exists Intracluster Light (ICL). ICL is hypothesized to be the light of

stars that have been stripped from interactions between cluster galaxies and the

ICM and traces the potential of the dark matter halo (Lin & Mohr, 2004). Whilst

the combination of the luminosity originating from the BCG and ICL contain a

signi�cant fraction of the cluster's total luminosity, together, they contribute to

less than 1% of the overall cluster's mass (Gonzalez et al., 2013).

1.2.1.1 Methods for observing clusters

Now that we have discussed the typical ingredients of a galaxy cluster, we layout

common methods for observing them.

In 1958, George Abell published one of the �rst galaxy cluster catalogues, accumu-

lating a total of 2712 clusters (Abell, 1957). After identifying a set of crtieria, he

identi�ed clusters visually by counting overdensities of galaxies that appeared in a

stack of photographs from the Palomar Observatory. Since, many of these objects

have been observationally veri�ed as galaxy clusters and his catalogue is still used

to this day. There are several methods that are commonly used for classifying

and studying galaxy clusters. These include X-ray emission from the ICM (e.g.

Sarazin 1986), galaxy-galaxy cluster gravitational lensing (e.g. Broadhurst et al.

1995), photometric analysis of the properties of clustered galaxies (e.g. Gladders

& Yee 2000) and the spectral distortion of CMB photons by the hot ICM, known

as the Sunyaev-Zel'dovich e�ect (Sunyaev & Zeldovich, 1972). In this thesis, we

only focus on spectroscopy.

Optical spectroscopy and photometry are regularly used to infer the light pro�les

of galaxies in and around clusters. The 
ux from galaxies can be measured quickly

over large wavelength ranges, known as color bands, (photometry), or over much

smaller wavelength increments, (spectroscopy). Whilst there is much information

that can be extracted using photometry, high-quality photometric redshifts alone

are not su�cient for accurately determining cluster membership. Instead, the

spectrum of a galaxy can provide a more robust determination of its redshift and

its baryonic properties. Whilst this method has longer integration times and is

more costly, at low redshift, the uncertainities in the redshift measurements are

typically reduced from � 0:1 to � 0:001 (Hopkins, 2015). The error in the line-of-
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Figure 1.5: An illustration of the morphology density relation. This �gure depicts
some of the �rst observational evidence of the connection between the morphology
of a galaxy and the density of its environment. It displays the fraction of di�er-
ent galaxy types, (elliptical, lenticular and spiral/irregular) in di�erent projected
densities. Taken from Dressler (1980).

sight distance, derived from Hubble's law, can be reduced from hundreds of Mpcs

to tens of Mpcs, allowing a much more accurate cluster membership quanti�ca-

tion. As a result, spectroscopic surveys of galaxy clusters and their members are

preferentially used for detailed studies of galaxy cluster environments. Examples

of such are the WINGS (Fasano, G. et al., 2006) survey and the GOGREEN sur-

vey (Balogh et al., 2017). Both of these surveys provide follow up spectroscopy of

the cluster members from clusters previously identi�ed in X-ray/by the SZ e�ect.

1.2.1.2 The environment of a galaxy cluster

Galaxy clusters are regions of signi�cant astrophysical interest due to their extreme

environments. They are unique laboratories for investigating how hydrodynamic

and gravitational interactions may in
uence the evolution of a galaxy. Such pro-

cesses include ram pressure stripping (Gunn & Gott, 1972), galaxy harassment
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(Moore et al., 1998) and starvation (Larson et al., 1980), which can all act to

in
uence the morphology and star formation rates of these galaxies. One of the

�rst quantitative studies in this area was that of Dressler (1980), who discovered

the so called `morphology density relation'. As illustrated in Figure 1.5, in high

density environments, early-type elliptical and lenticular galaxies are more com-

monly located. Conversely, in low density environments, galaxies are more likely

to be late-type spirals. This �nding implies a connection between galaxy evolution

and their surrounding environment, providing early evidence for this relationship.

Beyond the core of the cluster is the clusterinfall region. In hierarchical cluster-

ing, galaxy cluster sized haloes accrete smaller haloes over time. This results in

the accreted objects having radially infalling velocities as well as velocities with

large random motions (Diaferio & Geller, 1997). It is in this region where the

gravitational in
uence of the cosmic web skeleton overcomes that of the cluster

and hence, is a region of large complexity. Further to this, there is evidence that

galaxies experience environmental e�ects in the infall region of clusters, a term

coinedpre-processing(Zabludo� & Mulchaey, 1998). This further has the poten-

tial to in
uence their intrinsic properties before they are accreted on to the cluster

(Cortese et al., 2006). In the next few sections, we describe in detail the possible

cosmological structures that provide the channels for such pre-processing.

1.2.2 Galaxy groups

Second to galaxy clusters, galaxy groups exhibit the largest dark matter haloes

of all cosmic structures. The de�nition of a galaxy group varies throughout the

literature, (see Lovisari et al. 2021 for a review on galaxy groups). Examples of

groups includeCompact groups: a small number of galaxies, usually between 3

and 10 (Taverna et al., 2023), that are in close proximity and are relatively isolated

(Hickson et al., 1992). Hickson (1982) created a catalogue of compact groups in

1982, one of which is Stephan's Quintet (Stephan, 1881).Fossil groups: galaxies

that are embedded in a giant X-ray halo, typical of a group, and are theorized to

be the latest stage in galaxy evolution, as several group galaxies merge into one

galaxy (Ponman & Bertram, 1993).

More massive galaxy groups with higher number densities are more likely to retain
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an `intragroup medium' and will be more in
uential in reshaping the properties

of galaxies. Criteria for de�ning galaxy groups vary; some N-body simulations

require a halo mass ofM 500 > 1013M � (Le Brun et al., 2014), whilst other studies

using spectroscopic observations suggest a halo mass of 1012:5M � . The review on

galaxy groups by Lovisari et al. (2021) suggested that astronomers use the `rule of

thumb' that systems with 50 galaxies or more are clusters, and less than this are

groups. Either way, there is clearly a contention regarding the `true' de�nition of

galaxy groups as it varies depending on the scale of the study and the scienti�c

motivation.

Throughout this thesis, we are focused on galaxy groups that are in close proximity

to galaxy clusters and are strong candidates for presenting signs of pre-processing.

Galaxy clusters accrete a signi�cant fraction of theirz = 0 galaxy population

through galaxy groups (McGee et al., 2009) and, therefore, are interwoven into

the large-scale cosmic web. Their presence in the infall region of clusters can

signi�cantly in
uence the galaxy-galaxy merger rates (Vijayaraghavan & Ricker,

2013) as they can easily sweep up �eld galaxies and grow quickly. Group members

are also likely in
uenced by their group environment prior to their accretion onto

the main halo of the cluster, shown in simulations (Bah�e & McCarthy, 2014; Jung

et al., 2018), and observations (Ja��e et al., 2016; Bianconi et al., 2017; Haines

et al., 2018; Benavides et al., 2020; Lopes et al., 2023).

Currently, there exists a range of techniques that successfully detect groups in

larger-scale observations. One of the most common is the Friends-of-Friends (FoF)

percolation algorithm (Huchra & Geller, 1982), which has been used, for example,

in the 2dFGRS (Eke et al., 2004), the SDSS (Berlind et al., 2006) and GAMA

(Robotham et al., 2011). However, in the infall region of galaxy clusters, group-

�nding is a non-trivial task. Inside the cluster's potential well, galaxies have large

random motions relative to one another. In addition, infall motions towards the

cluster and �laments also dramatically perturb the galaxy distribution (Kuchner

et al., 2021). Therefore, with respect to the observer, galaxies in the vicinity of

clusters and groups may have similar distances, but their large random motions

lead to very di�erent redshifts. This manifests as long, arti�cially extended struc-

tures, known as the `Fingers of God' (FoG; Tully & Fisher, 1978). The length of

the FoG for a massive cluster with velocity dispersion of 1400 km s� 1 corresponds

to 20 h� 1 Mpc extending in each direction (Kuchner et al., 2021). Therefore, in
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the vicinity of galaxy clusters, we are limited to more laborious, non-systematic

methods of group detection that are used on a cluster-by-cluster basis. For exam-

ple, previous studies have relied on visually inspecting 3D maps of the galaxies in

RA, DEC, and redshift space to detect possible galaxy overdensities (Ja��e et al.,

2013) or the Dressler-Shectman test that compares the local velocity and velocity

dispersion for each galaxy against a global value (Dressler & Shectman, 1988).

These and other methodologies are successful on a single cluster basis but become

very time consuming when considering multiple clusters, where hundreds of groups

are observed. We address this problem in Section 5.

1.2.3 Cosmic �laments

Cosmic �laments are arguably the most striking feature in the cosmic web. Since

z � 2, cosmic �laments host half of the mass budget of the Universe, despite only

contributing to 6% of its volume (Cautun et al., 2014). Their ubiquity is evident

in Figure 1.6, where the cosmological box is connected through long ridges known

as �laments. This same �gure shows the remarkable multi-scale nature of these

features. On the largest scales, �laments can be seen connecting the bright peaks

in the density �eld, where galaxy clusters are located at their intersection (Arag�on-

Calvo et al., 2010). The bridges that connect clusters to clusters are often tens

of megaparsecs in length, as found in observations (e.g. Finoguenov et al. 2003)

and in simulations (e.g. Gal�arraga-Espinosa et al. 2022). In the middle and lower

panel of Figure 1.6, a 100 and 20h� 1 Mpc cut out of the native simulations are

displayed. It is here where we can see an increase in the number of thinner cosmic

�laments that feed the core of a galaxy cluster, as seen as the bright peak in the

center of the zoom-in plots. These �laments are typically several megaparsecs in

length, as found in observations (e.g. Tanimura et al. 2020) and simulations (e.g.

Rost et al. 2021) and act as highways that funnel galaxies and groups into the

virialized cluster core.

Whilst there have been several studies on the multiscale length of �laments, their

thickness is much more di�cult to quantify. As previously mentioned, �laments are

a later evolutionary state of cosmic walls and are therefore, a constantly evolving

component of the cosmic web. Subsequently, �laments do not have de�nitive

boundaries, and their thickness depends on the type of study and de�nitions used.
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Figure 1.6: An illustration of the multi-scale nature of cosmic �laments in the
larger-scale cosmic web. This picture is taken from the Millennium simulation
(Springel et al., 2005), a cosmological hydrodynamic simulation. The �rst box
shows the full simulation box, then each consecutive panel zooms in on the same
region, showing a variety of distance scales, from the cosmic web to high density
galaxy clusters that are connected by cosmic �laments.
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Studies have shown that their radii can typically lie anywhere between 0.7 and

5 h� 1 Mpc (Kuchner et al., 2020; Dolag et al., 2006). Further to this, there is

evidence that suggests that �laments do not have a uniform thickness, such that

they generally get thicker closer to nodes of the cosmic web (Rost et al., 2021).

The complex environment of cosmic �laments is further evidenced through the

ambiguity in their detection. Observationally, on the largest scales, there are cur-

rently two main methodologies used to characterize cosmic �laments. The �rst is

from optical spectroscopy of galaxies through redshift surveys, which is possible

due to galaxies tracing the dark matter skeleton of the cosmic web. Simply put,

with spectroscopy, precise redshifts, (and therefore, distances), can be calculated,

allowing a robust estimation of the 3D position of galaxies, with the largest un-

certainty in their line of sight distance. In tracing the positions of a large number

of galaxies, the density �eld can be calculated, from which there are a variety of

methods to detect the spine of a cosmic �lament, as outlined in a review by Libe-

skind et al. (2017), and we further discuss in Chapter 2.3. Examples of catalogues

of �laments derived via the aforementioned survey type are: Tempel et al. (2015);

Alpaslan et al. (2016); Malavasi et al. (2016).

The second main methodology developed to tackle the mapping of cosmic �laments

is through stacked X-ray emission of the warm hot intergalactic medium (WHIM).

Numerical simulations indicate that a substantial fraction of baryons are found in

�laments in the form of a hot plasma, known as the `Warm Hot Intergalactic

Medium' (WHIM; Arag�on-Calvo et al. 2010; Cautun et al. 2014; Martizzi et al.

2019). However, due to the di�use nature of �laments and their low contrast in

density, it is often required to stack �laments in order to derive a statistically

signi�cant signal. Identi�cation of cosmic �laments through X-rays also �rstly

relies on the detection of �laments through alternative means, namely optical

spectroscopy. Furthermore, it is required to mask out the hot plasma emission from

galaxy groups and clusters, adding further complexity to their detection. Finally,

using the prede�ned catalogue of �laments, one would record the X-ray count

around a certain distance to the spine of the �lament in the appropriate energy

band(s). Examples of �lamentary detections through stacked X-ray emission are:

Tanimura et al. (2020); Vernstrom et al. (2021).

The majority of work carried out in this thesis focuses on the detection of cos-
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mic �laments in the infall region of galaxy clusters, in preparation for upcoming

wide-�eld spectroscopic surveys. In this regime, there are a range of additional

complexities that add signi�cant di�culty to detecting cosmic �laments, even with

the capabilities of next generation wide-�eld multi-object spectroscopic surveys.

We further test and optimize the observational detection of cosmic �laments in

Chapter 3 & 4.

1.3 Pre-processing

There is an ever increasing amount of evidence suggesting that the cluster envi-

ronment is paramount in a�ecting the evolution of galaxies, as we alluded to in

Section 1.2.1, and is most notably manifested in the morphology density relation.

However, the role that separate cosmic web environments play in the evolution

and mass assembly of galaxies in the infall region of clusters is much less well

understood. Recent studies show that the transition of galaxies from `�eld-like'

to `cluster-like' can occur at 2-3 virial radii (Haines et al., 2015, 2018; Kuchner

et al., 2017; Bianconi et al., 2017; Tawfeek et al., 2022; Werner et al., 2021). This

implies that galaxies in groups and �laments in the infall regions of clusters ex-

perience gravitational and/or hydrodynamical interactions during their infall, far

before they traverse the cluster environment.

With respect to galaxy groups, research suggests that galaxies that sit in groups

in the infall region of clusters have a reduced star formation compared to galaxies

outside of groups in the same region (Bianconi et al., 2018). Vijayaraghavan &

Ricker (2013) found that galaxies in groups experience pre-processing in the form

of the removal of their hot halo and increased galaxy-galaxy merger rates. Cortese

et al. (2006) also demonstrated that, in this region, galaxies in groups can su�er

ram pressure stripping as well as starburst periods from galaxy-galaxy mergers.

With respect to cosmic �laments, observational and simulation based studies sug-

gest that galaxies that reside closer to the spine of a �lament are typically more

massive, redder and more star forming (Alpaslan et al., 2016; Malavasi et al., 2016;

Chen et al., 2017; Kraljic et al., 2017; Ganeshaiah Veena et al., 2018; Laigle et al.,

2017; Sarron et al., 2019). Whilst this suggests that the �lamentary structures
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typically act to inhibit the supply of gas to galaxies, there is also evidence for a HI

enhancement near �laments of the cosmic web (Kleiner et al., 2016; Vulcani et al.,

2019), implying that galaxies are able to accrete cold gas from the �lamentary

environment. Both of these results point towards the presence of pre-processing

and is therefore, a main target of upcoming wide-�eld observational surveys.

The infall region of a galaxy cluster is evidently a complex region. Coincidentally,

much of our knowledge of the physical mechanisms at play here are limited by

a lack of detailed spectroscopic observational data. In this thesis, we describe

some of the �nal steps that are taken in preparing for observational surveys that

are aimed at tackling these kinds of problems. After all, if we want to understand

how cosmic web environments in
uence galaxy evolution, can we actually robustly

classify them?

1.4 Structure of this Thesis

This thesis is structured as follows. In Chapter 2, we describe the simulation

dataset that is used in this work. We also describe the astronomical survey moti-

vating this work and the technical details of software used in this thesis. Chapter 3

presents our investigation into the feasibility of extracting cosmic web �laments

after applying survey-like selection e�ects to mock galaxy clusters. After applying

these selection e�ects, we investigate the reconstruction of the cosmic web around

galaxy clusters by calculating di�erent properties of the �lamentary networks. In

Chapter 4 we build on the research presented in Chapter 3 and investigate the allo-

cation of mock galaxies to di�erent cosmic web environments, using hydrodynamic

simulations. We demonstrate the di�culty in allocating galaxies to �lamentary

environments and the need for large statistical samples of galaxies in �laments. In

Chapter 5, we present a theoretical study into the detection of galaxy groups in

close proximity to galaxy clusters using a topological structures extractor. Finally,

the conclusions of this thesis, a summary of ongoing/future work and applications

of this thesis to future observations are discussed in Chapter 6.
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Chapter 2

Simulation Data and Technical

Analysis

This Chapter describes in detail the simulation data and software employed in

this thesis. Firstly, and most importantly for this work, we discuss the technical

details of the simulation datasets in Section 2.1. In Section 2.2 we describe the

survey that motivates the studies carried out in this thesis. In Section 2.3, we

discuss the cosmic web extractor used in this work.

2.1 Simulations

We begin this section by describing the simulation dataset that forms the foun-

dation of the work carried out in this thesis. In preparation for observations,

we can use state of the art dark matter and hydrodynamic simulations to better

constrain cosmic web environments. All of the work carried out in this thesis

uses theTheThreeHundred galaxy cluster simulations (Cui et al., 2018, 2022).

These are a set of resimulations of cluster regions from a larger dark matter only

box: the MDPL2 Multidark Simulation (Klypin et al., 2016). We describe these

simulations and the halo selection algorithim in Sections 2.1.1 - 2.1.3.
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2.1.1 MDPL2 MultiDark simulations

The MultiDark simulations1 are a widely used set of simulations. These simula-

tions range in box size and resolution, from a comoving length of 4h� 1 Gpc to

0:25h� 1 Gpc (Klypin et al., 2016). The work carried out in this thesis is built

on the MDPL2 MultiDark Planck simulation. MDPL2 is a periodic cube of co-

moving length 1h� 1 Gpc containing 38403 dark matter particles, each with mass

1:5 � 109 h� 1M � . MDPL2 usesPlanck cosmology (
M = 0:307; 
 B = 0:048; 
 � =

0:693; h = 0:678; � 8 = 0:823; ns = 0:96). The Plummer equivalent gravitational

softening length is 7h� 1 kpc.

As MDPL2 is a dark matter only simulation, it is possible to simulate large cos-

mological volumes as the particles are only subject to gravitational interactions

with each other. The initial conditions are seeded at a redshift of 100 using

the Zeldovich approximation. The MDPL2 simulation then uses theL-Gadget-

2 cosmological code (Springel, 2005), which is a modi�cation of the widely used

Gadget-2 , a smoothed particle hydrodynamics code (SPH). Halo catalogues were

then extracted using a range of halo �nders, one of which we describe brie
y in

Section 2.1.3.

2.1.2 TheThreeHundred project

In this work, we employ TheThreeHundred 2 simulation project (Cui et al.,

2018). TheThreeHundred is a set of zoom-in resimulations of the Multidark

Dark Matter only (MDPL2) cosmological simulation. This simulation suite ex-

tracts 324 spherical regions centered on each of the most massive clusters (M vir >

8 � 1014h� 1M � ) identi�ed at z = 0. It follows them back to their initial con-

ditions and resimulates the hydrodynamics of the volume surrounding a 15h� 1

Mpc radius sphere enclosing the cluster and its environment at a higher resolu-

tion. Outside of this high resolution region are a set of consecutive shells, hosting

lower mass resolution particles that reproduce the tidal �elds of the large-scale

structure at a reduced computational cost. The highest resolution dark matter

1https://www.multidark.org/
2https://the300-project.org/
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particles are divided into dark matter and gas, following the cosmological baryonic

fraction using the Planck 2015 cosmology: 
b=
 M � 0:16. This gives a combined

mass resolution ofmDM + mgas = 1:5 � 109h� 1M � . There are 128 individual time

snapshots for all 324 zoomed-in Lagrangian regions, ranging fromz = 17 to z = 0.

These zoom-in re-simulations have been run with the SPH codes:Gadget-

MUSIC (Sembolini et al., 2012),Gadget-X (Beck et al., 2015; Rasia et al.,

2015) and mesh-less codeGIZMO-SIMBA (Dav�e et al., 2019; Cui et al., 2022).

We only focus onGadget-X which incorporates full-physics galaxy formation,

star formation and feedback from both SNe and AGN. In this work, we are only

using the information about the simulated dark matter haloes and not the galaxies.

TheThreeHundred simulations provide a useful testbed to develop the obser-

vational strategy and forecast the performance of upcoming wide-�eld surveys

around galaxy clusters. Firstly, the large volume of the parent dark-matter simu-

lation (MDPL2) ensures a high number of massive clusters are available for sta-

tistical purposes. Secondly, the high-resolution re-simulations reach out as far as

15h� 1 Mpc from each cluster centre, comparable to the area that the WEAVE ob-

servations will cover. The extensive information available from the cluster centre

all the way to beyond 5R200 allows us to study all the environments present { from

individual galaxy halos to �laments, groups, and the cluster core.

2.1.3 Halo selection

As we are interested in developing observational strategies of identifying large-

scale structure, we require a tool for converting clumps of bound particles in the

simulation data into galaxy haloes. The work in this thesis utilizes the widely used

AMIGA Halo Finder (Gill et al., 2004; Knebe et al., 2011) to determine the halo

properties. AHF operates by identifying peaks in the matter density �eld, and

returns the position and velocity of each halo and subhalo, as well as properties

such as their radii, their velocities and masses. The position of the haloes are

de�ned by centre of mass of the particles bound to that halo. Similarly, the velocity

of a halo is the average of the velocities of the particles bound to that halo. The

�nal result is a list of halo catalogues for each of the 324 resimulated clusters, for all

128 snapshots. In this thesis, we use the information from thez = 0 snapshot and
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only use the following columns:X c; Yc; Zc; Vxc; Vyc; Vzc; M vir ; Rvir ; E; b; c; fM hires,

which corresponds to the x,y,z positions of the clusters in kpc, the velocities in

the same planes in km/s, the virial mass and radius in solar masses and kpc, the

moment of inertia tensor3, the sphericity and asphericity4 of the haloes and the

fraction of mass in high-resolution particles.

The direct outputs of AHF place the resimulated regions with respect to the larger

MDPL2 cosmological box. We brie
y run through the post-processing procedure

we use to appropriately center the clusters. To do this, we �rstly place the positions

and masses of the haloes in proper coordinates from comoving coordinates, using

h = 0:7. Then, we place the most massive cluster halo at the origin and restrict

haloes to fall within 15h� 1 Mpc of the cluster main halo. Finally, as is typically

done is observational studies of clusters, we put the velocities of the haloes in the

reference frame of the cluster. Any further modi�cations of the halo catalogues

we describe in the upcoming chapters.

2.2 The Multi Object Spectroscopic WEAVE Sur-

vey

WEAVE (William Herschel Telescope Enhanced Area Velocity Explorer) is a next

generation multi-object-spectrograph (MOS). At the time of writing this thesis,

the instrument is currently undergoing commissioning after �rst light data was

taken in December of 20225. The spectrograph makes use of� 1000 individual

�bres deployable over a 2-degree-diameter �eld-of-view, with both high resolution

spectral observing modes (R � 20000) and low resolution modes available (R �

5000). The instrument also includes 20 small deployable integral �eld units (mini-

IFUs), as well as one large IFU. In this thesis we are only concerned with the MOS

observing mode. Further details on the instrument can be found in Balcells et al.

2010; Dalton et al. 2014; Dalton 2016; Jin et al. 2023.

The high source densities achievable from WEAVE's high �bre multiplex will

3the moment of inertia tensor is used to calculate the principal axes of a particle distribution.
4the sphericity is de�ned as the ratio of the third principal axis to the �rst principal axis.

Asphericity is the ratio of the second principal axis to the �rst principal axis.
5https://www.ing.iac.es/PR/press/weave_LIFU_first_light.html .
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enable a large range of scienti�c studies to be undertaken in the coming years. Such

research areas include low redshift stellar spectra, intermediate redshift stellar

populations of �eld galaxies and high redshift quasars. WEAVE will carry out a

number of sub-surveys in the next few years, one of which is the WEAVE Wide-

�eld Cluster Survey (WWFCS; Kuchner et al. in prep). The WWFCS is one of

three WEAVE Cluster surveys, the other two being the Nearby Cluster Survey

and the Cosmological Cluster survey (Jin et al., 2023). In the next section, we

describe the WWFCS survey details.

2.2.1 The WEAVE Wide Field Cluster Survey

The WWFCS will utilize the 1000 �bre-fed MOS to study the infall regions of

galaxy clusters in unprecedented detail. The WWFCS will observe up to 20 clus-

ters at low redshift (0:04 < z < 0:07) and will return spectra for thousands of

cluster members for each cluster, out to several virial radii. The sample consists

of galaxy clusters previously observed in the WINGS (Fasano, G. et al., 2006) and

OmegaWINGS (Moretti, A. et al., 2017) surveys. The WINGS sample covers a

wide range of cluster masses (� = 500 � 1200 kms� 1; logLX = 43:3 � 45 ergs� 1;

virial masses log(M cl=M� ) = 13:8 � 15:5). From the WINGS sample, approxi-

mately 20 clusters have been selected that are in a suitable declination range (10

< dec < 60 degrees), have a reasonable RA distribution and are covered by the

SDSS footprint so that there are homogeneous images available for target selection.

The WWFCS selected clusters have velocity dispersions and X-ray luminosities

that are statistically indistinguishable from the parent sample and are therefore,

unbiased in terms of their mass distribution (Kuchner et al. in prep). The WWFCS

will use the low spectral resolution mode and obtain optical spectra in the 366

nm < � < 959 nm range. These spectra will yield accurate redshifts, velocity

dispersions as well as quantitative information on the star formation histories of

the di�erent galaxy populations.
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2.2.2 WEAVE target selection

Based o� current target density estimates, the natural survey depth isr = 19:75,

which translates to a stellar mass limit of approximately 109M � (Kuchner et al.,

2020). Therefore, the target selection includes galaxies that arer < 19:75 and are

also subject to a colour cut� 0:1 < g � r < 1:2 which retains all normal, non-dust-

reddened, cluster galaxies. To complement this, the survey will incorporate high-

quality photometry from Pan-STARRS1 (PS1; Beck et al. 2020) for determination

of the source redshifts as we have a complete footprint of all of the cluster regions.

A photometric redshift cut of � 0:1, (which corresponds to 2.5 standard deviations

(� )), will be applied to eliminate sources that are likely not in the vicinity of

the cluster. On average, it is expected that we will have between 4000 and 6000

galaxies in each cluster structure (Jin et al., 2023), Kuchner et al. in prep.

2.2.3 WEAVE �bre allocation

An integral part of the preparation for WEAVE observations is to carry out a

realistic allocation of spectroscopic �bres to the science objects, since, this process

can potentially distort and limit the spatial information that can be derived from

said observations. Geometric and mechanical constraints (such as �bre collisions

and overlap) mean that it is not possible to assign �bres to all the galaxies on

a pointing. Optimising �bre allocation is not a trivial task, and sophisticated

software is generally used to reduce costly human intervention.Configure is the

program that WEAVE will use to �nd an optimal set of assignments of �bres to

positions on the sky (Terrett et al., 2014). Each �eld (or pointing) will contain

not only science targets, but also a set of calibration objects and guide stars, as

illustrated in Figure 2.1. Configure uses a probabilistic technique named `simu-

lated annealing' (Kirkpatrick S., 1983) to mimic the thermal motion of a system

to be optimized. The `energy' of each �bre with a target assigned to it is given by

(1:0 + s)=p, wheres is a measure of how straight the �bre is andp, the target pri-

ority, is an integer value between 0 and 10 that is used to prioritize objects on the

�elds. In our case, we assign a maximum priority of 10 to all of the cluster mock

galaxy members, and lower values to other targets (Table 3.1). The algorithm

then optimises the �bre allocation by �nding the con�guration with the lowest
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