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Abstract

Galaxy environment plays a significant role in galaxy evolution. While most work has fo-
cused on the effect of cluster and group environment, large scale structures, such as fil-
aments and voids, may provide additional contributions. Recently, various authors have
found correlations between galaxy morphology, stellar mass and colour, and the distance
to cosmic web filaments in both simulations and data. However, the effect of filaments on
the gas supply of galaxies is still under investigation due to conflicting results.

| use data from the Resolved Spectroscopy of a Local Volume (RESOLVE) survey, which is
a low-redshift galaxy census complete down to log M, /M= 8.9, to study the relationship
between galaxy properties and the cosmic web. | use the Discrete Persistence Structures
Extractor (DisPerSE), a topology-based software package, to map filaments in the RESOLVE-
A field. This work shows that galaxies in RESOLVE-A have, higher stellar masses close to
filaments. When accounting for the additional effect of groups, | find no variation in the
colour of galaxies with respect to their distance to filament. Low-mass (log M,/M,< 9.7)
galaxies increase in gas fraction with increasing distance to filament, which may indicate
that low-mass galaxies lose gas as they enter filaments.
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Chapter 1

Introduction

Galaxies do not exist in isolation but are observed to form part of an intricate cosmic web
(Bond et al., 1996). This web is made up of high-density regions containing galaxy clus-
ters connected by large, tenuous filaments and walls surrounding low-density voids. The
relation between a galaxy’s environment and properties, such as colour, morphology and
gas content, has been well established within galaxy groups and clusters, but more work is
needed to understand the effect of the cosmic web on galaxy evolution.

Of recent debate has been the effect of Large Scale Structure filaments on galaxy evolution;
in particular, whether the neutral hydrogen (HI) gas content of galaxies is affected by their
proximity to filaments. Simulations have shown that cold mode accretion mechanisms may
allow filaments to ‘feed’ galaxies with additional HI gas, leading to enhancements in star
formation and mass (Keres et al., 2005). Additionally, Aragon Calvo et al. (2019) proposed
a model of Cosmic Web Detachment (CWD), where star-formation is quenched in galaxies
which have been cut off from filaments. Observationally, interest in this topic has been
renewed thanks to the development of large radio telescopes like MeerKAT (inaugurated in
2018), and the upcoming Square Kilometer Array, which are capable of measuring faint Hl
signals with improved sensitivity and efficiency (Jonas & MeerKAT Team, 2016).

1.1 The Cosmic Web

The cosmic web was first observed through galaxy redshift surveys in the local universe,
which mapped the three-dimensional distribution of galaxies and revealed structures such
as the Perseus-Pisces supercluster (Gregory et al., 1981) and the Sloan Great Wall (Gott Ill
et al.,, 2005). More recent surveys have also revealed structures like the Vela superclus-
ter, hidden by the Milky Way'’s galactic plane (Kraan-Korteweg et al., 2016). The cosmic
web consists of galaxy clusters and superclusters, which form the dense ‘nodes’, connected
by filaments and walls, sheets and voids. Filaments, which range in width from 1-5 Mpc
(Cautun et al., 2014), and walls (which have a larger width than length) and diffuse sheets
surround low-density voids. Figure 1.1, is a composite image showing the dark matter dis-
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Figure 1.1: Composite image showing the dark matter distribution from the IllustrisTNG
simulations. Gravitationally collapsed structures are indicated in orange and white. This
figure includes examples of cluster, filament and void regions.

tribution from the IllustrisTNG simulations * which has been adapted to show these compo-
nents.

To illustrate the relative volume occupied by the components of the cosmic web, the pie
charts in Figure 1.2 (Aragon-Calvo et al.,, 2010a) show that while filaments occupy only
8.8 % of the universe volume, they contain nearly 40% of the mass content.

In the standard model of cosmology, the large scale structure observed today is a conse-
quence of two mechanisms (Bond et al., 1996) : fluctuations in the initial matter density
field shortly after the Big Bang, and hierarchical formation.The initial fluctuations seeded
regions of overdensity and underdensity, which were amplified by gravitational collapse
(Zel'Dovich, 1970). Dark matter haloes formed first, gathering baryonic matter from which
galaxies could form (Mo et al., 2010). Hierarchical formation describes how large struc-
tures form from smaller structures merging together over cosmic time. Over time, these
structures have evolved as matter is transported under the force of gravity. As shown by
Aragoén-Calvo et al. (2010a) and Cautun et al. (2014), at high redshifts, diffuse, sheet-like
structures collapse into filaments - which subsequently merge together and channel mat-
ter to the dense clusters and superclusters, resulting in the prominent structures seen in
the local universe today. Dark matter haloes are channelled by filaments towards over-
dense regions and, in the hierarchical formation model, merge together. This gives rise to

Limage source: IllustrisTNG (Public Domain: https:/www.tng-project.org/media/)
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Figure 1.2: Relative volume and mass of components of the cosmic web, from Aragén-Calvo
et al. (2010a). Field represents void regions. The black region indicates clusters.

galaxy clusters at the peaks of the density field, connected by filaments which surround
underdense voids (Mo et al., 2010). This structure formation has been modelled in cosmo-
logical hydrodynamic simulations, such as the Millenium simulation (Springel et al., 2005),
and shows that the large scale structure observed in the baryonic matter closely follows the
distribution of dark matter.

Additionally, Tidal torque theory (TTT) describes how early dark matter haloes gain angular
momentum during formation, resulting in the alignment or misalignment of the spin vector
with large scale structures - which may impact the mass assembly of galaxies within the dark
matter haloes (Peebles, 1969; Doroshkevich, 1970; Porciani et al., 2002; Laigle et al., 2015).
High-mass dark matter haloes are predicted to have their spin axis perpendicular to nearby
filaments and large scale structures, with low-mass haloes parallel to nearby filaments (see
Kraljic et al. 2020).

1.2 Galaxy Evolution and Environment

Galaxies typically fall into two categories based on their colour, mass and general morpholo-
gies - ‘red’, bulge-dominated elliptical galaxies which have very little ongoing star formation,
high stellar masses and are gas-poor, or ‘blue’ star-forming galaxies which are typically gas-
rich and lower in stellar mass. For a general ‘field’ population, i.e. where there is no effect
due to environment, this bimodality is often demonstrated by the colour-magnitude dia-
gram, which shows that bright galaxies with a red colour index form a well-defined ‘red
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sequence’ and galaxies with bluer colour indices create a ‘blue cloud’ (Baldry et al., 2004).
Galaxies that are actively forming stars are bluer due to the presence of O and B type stars,
which typically have a short lifespan and are no longer prominent in older, quiescent galaxies
(Mo et al., 2010).

One of the indications that galaxies are affected by their environment is the morphology-
density relation (Dressler, 1980). This relation shows that the proportion of early-type galax-
ies (i.e. elliptical and SO galaxies) increases as environmental density increases. This may be
due to an increase in galaxy-galaxy interactions, which produce early-type galaxies (Toomre
& Toomre, 1972; Peng et al., 2010). A detailed analysis of galaxies in the Sloan Digital Sky
Survey (SDSS) revealed that the stellar mass of galaxies increases with density and that the
specific star formation rate (sSFR) is the property which is most sensitive to environment
(Kauffmann et al., 2004; Peng et al., 2010). More recently, Alpaslan et al. (2015) examined
the properties of galaxies with respect to large scale structure, group and pair environments
in the Galaxy And Mass Assembly (GAMA) survey and found that stellar mass seems to be
the most important predictor of galaxy properties, rather than large scale structure environ-
ment.

Additionally, the star formation rate density has dropped by an order of magnitude since
redshift z ~ 1 (Hopkins, 2004). The mechanisms behind this change over cosmic time are still
under investigation, but this indicates that star formation in the universe has been subject
to quenching over the last ~ 8 billion years.

Galaxies require a large volume of molecular hydrogen gas for star formation, which must
constantly be refuelled to maintain star formation. While hierarchical merging can increase
the supply of gas available to galaxies (Mo et al., 2010), large scale structure and environ-
ment also affect the gas content and therefore star formation rates of galaxies.

Cosmological hydrodynamic simulations reveal two mechanisms for gas accretion by galax-
ies. Gas falls into a gravitational potential well and is shock-heated to the virial temperature,
before cooling and forming stars. This traditional ‘hot mode’ accretion is dominant for high
mass galaxies. In contrast, in ‘cold mode’ accretion, which occurs at lower masses and does
not involve shock heating prior to accretion, gas is channelled by cosmic web filaments
into galaxies (Keres et al., 2005). While cold mode and hot mode accretion are redshift-
dependent, cold mode accretion dominates in low-density environments at low redshifts.
Additionally, Kraljic et al. (2020) showed that the spin-alignment of galaxies with the cos-
mic web is linked to the accretion of HI gas from filaments.

Galaxies may also be refuelled internally through the conversion of neutral hydrogen (HI) gas
to molecular hydrogen (H,), suggesting that HI gas may be an effective tracer of a galaxy’s
long-term star formation potential (Mo et al., 2010). Kannappan et al. (2013) showed that
galaxy mass transition scales may connect galaxy structure and gas fractions to galaxy re-
fuelling mechanisms. Galaxies may be accretion-dominated, where galaxies grow in stellar
mass rapidly by accreting gas which can be used to form new stars, process-dominated,
where galaxies form stars at the same rate as fresh gas is acquired, or quenched, which is
characterised by a poor gas fraction and low star formation.

Galaxy environments play a significant role in quenching star formation in galaxies by remov-
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ing gas from galaxies through various mechanisms. In high and intermediate density regions
like galaxy clusters and groups, galaxies can lose their gas through processes like ram pres-
sure stripping (Gunn & Gott Ill, 1972), which removes cold gas from galaxies due to the
intra-cluster medium (ICM) or intra-group medium (IGM); harassment (Moore et al., 1996),
where galaxy-galaxy interactions affect the gas content of galaxies; tidal stripping due to in-
teractions with other galaxies (Toomre & Toomre, 1972); or starvation mechanisms, where
galaxies are cut off from gas supply mechanisms, like Cosmic Web Detachment (Aragon
Calvo et al., 2019). Cosmic web Detachment (CWD) is a model which suggests that quench-
ing happens when a galaxy is cut off from its supply of cold gas from cosmic web filaments
through major mergers, satellite accretion or by crossing or infalling along the cosmic web
(Aragon Calvo et al., 2019). In addition, simulations have shown that dwarf galaxies may
experience cosmic web stripping, where dwarf galaxies which do not have enough binding
energy to prevent ram-pressure stripping due to the gas and dark matter content of the
cosmic web (Benitez-Llambay et al., 2013). Galaxy groups are particularly noteworthy in
guenching galaxies before they enter denser, cluster environments through pre-processing
(Fujita, 2004), where various processes such as galaxy-galaxy interactions, strangulation and
evaporation remove gas from galaxies and induce quenching. This may contribute to the
morphology-density relation, and may also occur in filaments (Sarron et al., 2019; Odekon
et al.,, 2018).

Galaxy environments play a crucial role in the evolution of galaxies. Although stellar mass
is one of the most important factor in determining a galaxy’s evolution, the effects on the
gas content due to environment have the potential to induce changes in galaxy properties
such as colour and star formation rate.

1.3 Observed Properties of Galaxies in the Cosmic Web

Galaxy evolution in the cosmic web has been a subject of interest over the past 10 years.
Earlier work on the cosmic web focused on the cosmological properties of filaments, with
studies looking at Tidal Torque Theory and results from cosmological hydrodynamic simu-
lations showing interest in the spin properties of galaxies. While spin remains a topic of
interest, recent works have focused on how galaxies have evolved under the influence of
their location in the cosmic web environment.

One of the most consistent trends within the literature is that the stellar mass of galaxies
in filaments is typically higher than galaxies outside of filaments (Laigle et al., 2017; Chen
et al., 2017; Luber et al., 2019; Welker et al., 2019; Malavasi et al., 2017). This has been
observed at various redshifts and using different filament finding methods.

Changes in galaxy morphology are an indicator of processes such as merging and quench-
ing. Kuutma et al. (2017) found an increase in the fraction of early-type galaxies close to
filaments. Additionally, Santiago-Bautista et al. (2020) found an increase in the elliptical to
spiral ratio close to filaments, indicating that filaments - as intermediate density regions -
follow the morphology-density relation.

Closely tied to stellar mass and morphology, galaxy colours indicate the star formation prop-
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erties of galaxies. Kuutma et al. (2017), Chen et al. (2017), Kraljic et al. (2017) and Luber
et al. (2019) found that galaxies were redder within filaments compared to galaxies outside
of filaments. Kuutma et al. (2017) and Kraljic et al. (2017) found that these redder colours
corresponded to a decrease in the specific star formation rates for galaxies in filaments.
Additionally, Sarron et al. (2019), Blue Bird et al. (2020), Laigle et al. (2017) and Malavasi
et al. (2017) found increases in the fraction of passive (i.e. non-star forming) galaxies within
filaments, indicative of quenching due to the filaments.

While several studies have examined the stellar properties of galaxies in filaments, more
observations are needed to understand the gas properties of galaxies. Kleiner et al. (2016)
showed that galaxies with log M,/ M > 11 had higher HI masses within filaments compared
to galaxies in a control sample outside of filaments, when correcting for density, providing
direct evidence for gas accretion from filaments. However Odekon et al. (2018) found con-
flicting results in a lower mass regime (8.5 < log M, /M, < 10.5), using data from the AL-
FALFA survey, showing that galaxies lose HI gas as they enter filaments and redden as they
are quenched. Using preliminary observations from the CHILES survey and photometric HI
estimations, Luber et al. (2019) and Blue Bird et al. (2020) suggest that the gas fraction of
galaxies may increase away from filaments. However, the differing mass ranges between
the studies on the gas content of galaxies with respect to filaments may suggest that stellar
mass affects whether galaxies replenish or lose gas from the cosmic web (Odekon et al.,
2018).

The spin alignment (or mis-alignment) of galaxies is mass-dependent and may allow galax-
ies to accrete gas from the cosmic web, as shown by simulations (Kraljic et al., 2020; Laigle
et al., 2015; Laigle et al., 2017). Galaxy spin alignments with nearby filaments were first
observed by Tempel et al. (2013) and Tempel & Libeskind (2013). Welker et al. (2019) pre-
sented the first detection that this spin alighment may be mass dependent, in agreement
with simulations. This was followed by Blue Bird et al. (2020), who observed galaxies with
their spin aligned to nearby filaments.

These observations show distinct differences between galaxies in different large scale struc-
ture environments, beyond simulations. Galaxies in close proximity to filaments have higher
stellar masses and redder colours, and follow the morphology-density relation. However,
while the spin and gas properties are related, more observations are needed to understand
the complex processes that affect the gas content and refuelling of galaxies with respect to
filaments.

1.4 Problem Statement

As | have shown, the cosmic web and galaxy environments are important for observational
studies and theoretical models to consider in understanding how galaxies evolve. Observa-
tions point to effects of the cosmic web on galaxy morphology, through measurements of
the elliptical-to-spiral ratio and consistent trends showing that galaxies close to filaments
have more mass and are more passive than their counterparts further away. However, the
impact on the neutral gas properties of galaxies in filaments is still not well understood,
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despite its importance in theories of detailing how galaxies are refuelled.

It is important to note that few of the studies of galaxy evolution in filaments distinguish
between filaments and galaxy groups, which may be embedded in filaments and drive similar
observational trends. Groups pre-process galaxies, resulting in quenched galaxies (Fuijita,
2004; Sarron et al., 2019). While the morphology-density relation (Dressler, 1980) indicates
that galaxy evolution is affected by local density, it does not account for the additional effect
of filaments. Untangling the effect of the cosmic web from the effect of groups and clusters
is important for understanding galaxy evolution models. Furthermore, understanding this
impact at low redshift will feed into our expectations at high redshifts, which is relevant for
upcoming surveys like LADUMA on the MeerKAT telescope.

The aim of this project is to identify filaments in the local universe and investigate the prop-
erties (such as stellar mass, colour and gas fraction) of the galaxies inside and outside the
filaments to examine the role filaments might play on the evolution of galaxies. To do this,
| will use data from the REsolved Spectroscopy Of a Local VolumE (RESOLVE) survey (Kan-
nappan & Wei, 2008), which is a highly complete census of the local universe. | will map the
cosmic web filaments, accounting for the group environments to examine how filaments
affect galaxy evolution properties.

Throughout this work, the standard ACDM model is assumed with y; = 0.3, Q, =0.7 and
Hy = 70 km/s/Mpc. Chapter 2 provides an overview of the data used in this project from
the REsolved Spectroscopy Of a Local VolumE (RESOLVE) survey (Kannappan & Wei, 2008),
the accompanying Environmental COntext (ECO) survey (Moffett et al., 2015) and SIMBA
simulations (Davé et al., 2019). Chapter 3 provides an overview of the various methods for
detecting filaments, motivates my choice of method and explains its mathematical frame-
work. An outline of the steps taken to prepare the data is also presented in Chapter 3. The
analysis of galaxy properties with respect to filaments and the results of this analysis are pre-
sented in Chapter 4. Finally, Chapter 5 discusses the results in context and the summary,
conclusion and outlook for future work are presented in Chapter 6.
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Chapter 2

Data

2.1 The RESOLVE survey

The analysis of galaxy properties with respect to filaments in this dissertation relied on using
observational data from the third data release (DR3) of the REsolved Spectroscopy Of a
Local VolumE (RESOLVE) (Kannappan & Wei, 2008) survey, as well as simulated data from
the SIMBA simulations (Davé et al., 2019). The RESOLVE survey is a volume-limited census
of the local universe. RESOLVE is highly complete down to low mass, gas rich galaxies
(Mpary ~ 1091793 Mg), where My, = (M,+ 1.4 My;), and covers a wide range of physical
scales. The survey includes high-resolution gas and stellar kinematic information, enabling
detailed studies of galaxy properties. Additionally, RESOLVE is accompanied by a group
catalogue (Eckert et al., 2017) and the Environmental COntext catalogue (ECO) (Moffett
et al., 2015), which provides a 1 Mpc buffer around the edges of the RESOLVE-A field.
The comprehensive redshifts and group catalogue available for RESOLVE ensure that three-
dimensional positions of galaxies can be presented accurately and corrected for redshift
space distortions, which is crucial for mapping filamentary structures.

RESOLVE consists of two fields, RESOLVE-A and RESOLVE-B. Collectively, the survey ex-
tends to a velocity range of 4500 km/s < cz < 7000 km/s and occupies a total volume of ~
52 000 Mpc?. Details of the two fields can be found in Table 2.1

Additionally, survey membership was refined using galaxy groups. The Friends-of-Friends
algorithm as described in Berlind et al. (2006) was used to determine the galaxy groups
with an on-sky linking length = 0.07 and a line-of-sight linking length = 1.1 (see Eckert et al.

RESOLVE-A RESOLVE-B
R.A. 131.25°<R.A. <236.25° | 22hr<RA. <3 hr
Dec. 0°<Dec. < 5° -1.25° < Dec. < +1.25°
Volume ~ 38 400 Mpc? ~ 13 700 Mpc?
Completeness limit (r-band) | M, < -17.33 M, <-17

Table 2.1: Properties of the RESOLVE A and B fields
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(2016)). If a galaxy fell within the volume boundary, but belonged to a group outside of the
survey volume, it was excluded from the survey. Likewise, if a galaxy fell outside the survey
volume, but was associated with a group that belonged within the volume, it was included
in the survey.

Figure 2.1 from Eckert et al. (2015) shows the RA and cz distribution of both fields. In total,
RESOLVE-A, which is the focus of this study, contains ~ 1490 galaxies.

2.1.1 Data Overview

The RESOLVE data reduction, galaxy properties and photometric gas fraction estimates are
presented in Eckert et al. (2015). The atomic (HI) gas census is described in Stark et al.
(2016). In this section, | will briefly summarise these processes.

Photometry and Spectroscopy

Optical data for the RESOLVE survey was drawn from several catalogues, including the
SDSS redshift survey (Aihara et al., 2011), the updated Zwicky catalogue (Falco et al., 1999),
UKIDSS YHK photometry (Hambly et al., 2008), 2MASS JHK (Skrutskie et al., 2006) and
GALEX NUV (Morrissey et al., 2007), which were supplemented with observations from
various telescopes. The data were reprocessed with custom sky subtraction and multi-
ple extrapolation techniques were used to measure total flux and systematic errors with
the methods by described by Kannappan et al. (2013). From this improved photometry,
extinction-corrected colours and galaxy mass estimates were produced using Spectral En-
ergy Distribution (SED) fitting with the parameters from Eckert et al. (2015). The u-r colours,
which are used in this work, were corrected for internal and foreground extinction and in-
clude k-corrections. The colour-magnitude diagram is shown in Figure 2.2. The colour-
magnitude diagram shows that the sample is dominated by the blue cloud, which consists
of lower mass, gas-rich galaxies with ongoing star formation, and features a minimal red
sequence. As shown in Stark et al. (2016), RESOLVE features a variety of environmental
densities. Additionally, these features are typical for when most galaxies fall within low to
intermediate density regions, rather than high density clusters.

HI data

The atomic gas census for RESOLVE was presented by Stark et al. (2016). In summary, the
HI data was sourced from the ALFALFA survey (Giovanelli et al., 2005), which overlapped
with the RESOLVE footprint, archival data compiled by Springob et al. (2005) and new ob-
servations with the Green Bank Telescope (GBT) and Arecibo telescope. Stark et al. (2016)
cross-matched RESOLVE with the ALFALFA catalogue and additionally searched the AL-
FALFA data cubes for galaxies which did not have counterparts in the ALFALFA catalogues,
yielding upper limits on the HI mass or weak detections.

The new observations with the GBT and Arecibo are described in Stark et al. (2016). Galax-
ies with ‘confused’ detections - i.e., where two or more sources were present within the
telescope beam were de-confused using their known redshifts and expected HI linewidths
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Figure 2.1: The RA-cz distribution of galaxies in RESOLVE-A and RESOLVE-B from Eckert
et al. (2015). The RESOLVE subvolumes are outlined in black. The orange data points rep-
resent galaxies which fall in groups outside of the survey volume.
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Figure 2.2: The colour-magnitude diagram for galaxies in the RESOLVE-A sample is shown
using the u-r colour and absolute R magnitudes.
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where possible. HI masses and upper limit estimates were determined by analysis of the 21
cm line profiles.

To create a complete census of HI masses and gas fraction measurements and estimates,
supplementary techniques, such as photometric gas fraction estimates, were used where
direct, high signal-to-noise (S/N > 5) detections were unavailable. Photometric gas fractions
were calculated using the tight correlation between observed galaxy colour and gas fraction
(Kannappan, 2004). In Eckert et al. (2015), the correlation between the u-J SED modelled
colour and the log gas-to-stellar mass ratio of galaxies with direct HI measurements, as
well as the b/a axis ratio was used to predict the photometric gas fraction for galaxies in
RESOLVE.

In summary, the ‘optimal combination’ of direct detections, upper limits and photometric
gas fractions, as described in the RESOLVE Data tutorial (Kannappan, 2019), was used as
follows:

e Direct HI detections from Stark et al. (2016), consisting of high signal-to-noise detec-
tions (S/N > 5), low signal-to-noise detections (S/N <5) and successfully de-confused
detections are used where available

e Strong upper limits, where 1.4 My;/M, < 0.05, are treated as HI measurements (see
Stark et al. (2016) and Eckert et al. 2016)

e Photometric gas fraction estimates from Eckert et al. (2015), are used:
- to replace missing HI data

- for galaxies with weak upper limits, i.e. where 1.4 My;/M, > 0.05 (see Eckert et al.
2016), provided that the photometric gas fraction estimate is less than the gas
fraction determined using the weak upper limit

- where HI detections could not be de-confused because the galaxies overlapped
strongly in velocity-space (see Stark et al. 2016).

Figure 2.3 shows the number of galaxies with direct HI detections, upper limits and photo-
metric gas fraction estimates in low, intermediate and high mass bins. At low and interme-
diate masses, most HI measurements are sourced from direct detections. Because low and
intermediate mass galaxies are typically more gas-rich than high mass galaxies (Kannappan
et al., 2013), these distributions are expected.

Dark matter halo masses

Dark matter halo masses were estimated using the Friends-of-Friends groups and halo abun-
dance matching, as described in Eckert et al. (2016). The most massive galaxy in each group
is marked as the central, while all other galaxies in each group are marked as satellites. Ad-
ditionally, single galaxies are marked as centrals.
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Figure 2.3: Bar plots showing the distribution of HI measurement types - direct detections,
upper-limits and photometric gas fraction estimates. The left plot (blue) shows the distribu-
tion for low mass galaxies (log M, /M < 9.7), the middle plot (green) shows the distribution
for intermediate mass galaxies (9.7 < log M, /M. < 10.5) and the right plot (yellow) shows
the distribution for high mass galaxies (log M,/M.> 10.5)
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Figure 2.4: Stellar mass vs Gas Fraction for galaxies within the baryonic-mass selected sam-
ple in RESOLVE-A. Blue circles represent high signal-to-noise ratio measurements (S/N > 5)
(Stark et al., 2016). Lime circles represent galaxies with low signal-to-noise HI detections
(S/N < 5). Orange triangles represent upper limit estimates defined in Eckert et al. (2016).
Purple circles represent galaxies with photometric gas fraction estimates (Eckert et al., 2015)
and purple stars represent successfully deconfused HI measurements.
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Sample selection

The RESOLVE survey defines four possible samples within the database according to the
volume, luminosity, baryonic and stellar mass limits. Selecting one of these samples en-
sures consistency and completeness across measurements. Because | am investigating the
gas properties of galaxies with respect to the cosmic web, | selected the baryonic mass com-
plete sample with 4500 km/s < Group cz < 7000 km/s and complete to log My,,, > 9.3 for
RESOLVE-A. Because this sample is selected based on a combination of HI mass and stellar
mass, it probes galaxies which are more gas-rich than the other samples sample. Figure
2.4 shows the stellar mass vs. gas fraction measurements for each galaxy in the RESOLVE
catalogue, as well as which type of HI measurement was used.

2.2 SIMBA simulation data

Cosmological hydrodynamic simulations are useful tools for comparing observational re-
sults with theoretical understanding. The SIMBA simulations (Davé et al., 2019) are the
next-generation of the MUFASA simulations (Davé et al., 2016), which focus on galaxy evo-
lution over cosmic time. These simulations are state-of-the-art and successfully match ob-
servations in many scenarios (Davé et al., 2019), modelling the gas, stellar and dark matter
properties of galaxies effectively. Additionally, they have been used by Kraljic et al. (2020)
to study the effect of the cosmic web on galaxy spin and gas properties. SIMBA is improved
due to its modelling of black hole growth, Active Galactic Nuclei (AGN) feedback, X-ray
feedback and dust production and destruction (Davé et al., 2019).

Additionally, ongoing collaborations between SIMBA, RESOLVE and LADUMA are already
established, providing access to the data and expertise. In this project, | make use of SIMBA
Snapshot m100n1024_151 from the s50;j7k model of the simulation [Davé: private communi-
cation]. This run of the simulation resolves galaxies at M, > 5.8 x 10® M, and this snapshot
corresponds to a 100 x 100 x 100 Mpc? box at z = 0.
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Chapter 3

Method

There are several methods for identifying the components of the cosmic web. One of the
earliest approaches used graph-theory to map the voids and superclusters (Zeldovich et al.,
1982). More recently, Alpaslan et al. (2014a) used Minimum Spanning Trees to map fila-
ments in the Galaxy and Mass Assembly (GAMA) survey. Stochastic methods, such as the
Bisous method employed by Tempel et al. (2014), and Hessian-based methods, including
the NEXUS (Cautun et al., 2013) and Multiscale Morphology Filter (Aragén-Calvo et al,,
2007) formalisms, have been used to identify components of the cosmic web. Additionally,
novel, interdisciplinary approaches such as the growth of slime mould have been proposed
to study the cosmic web (Burchett et al., 2020).

In this work, the Discrete Persistence Structures Extractor (DisPerSE) is used (Sousbie, 2011;
Sousbie et al., 2011). Like the SpineWeb formalism (Aragén-Calvo et al., 2010b), DisPerSE
takes advantage of geometric and topological tools to identify cosmic web filaments from
a galaxy distribution.

This chapter will describe the computing support used for this project, provide a brief overview
of the topological concepts applied in DisPerSE and describe the commands and functions
used for filament finding. Once this technique has been established, data from the SIMBA
simulations (Davé et al., 2019) are used to test the limits of DisPerSE and ensure that reli-
able filaments will be detected when applied to observational data. The processes used to
prepare the observational data are described before DisPerSE is used to identify filaments
within RESOLVE-A. Lastly, the boundary conditions are tested within DisPerSE and the dis-
tance metrics used within this work are described and calculated.

3.1 Data Processing with IDIA

The Inter-University Institute for Data-Intensive Astronomy (IDIA) was established to pro-
cess the large amounts of data produced by the MeerKAT telescope and create capacity
for the upcoming SKA in South Africa. IDIA utilises the ilifu cloud computing facility to
service the computational needs of the MeerKAT community. llifu provides cloud comput-
ing resources to users across the world through a Jupyter Hub web browser interface and
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command-line capabilities.

As this project falls under the LADUMA Large Survey Project on MeerKAT of which | am
a member, | was provided with access to IDIA’s services for my research. The open-source
DisPerSE software was installed on the ilifu cloud for the purpose of this project and future
work on large scale structure by the LADUMA team. A DisPerSE software container was
also created by the IDIA team for reproducibility and ease of installation.

Throughout the project | used the python programming language through Jupyter note-
books, including packages such as numpy, scipy, matplotlib and astropy, for data pro-
cessing and analysis. Additionally, | used the open-source Paraview application to visualise
filaments and other structures in 3D since it allows panning, zooming and rotation with
ease.

3.2 DisPerSE

The Discrete Persistence Structures Extractor (DisPerSE) (Sousbie, 2011; Sousbie et al.,
2011) is the primary method used to determine large scale structure in this work. DisPerSE
uses a combination of topological methods, such as the Delaunay Tessellation Field Estima-
tor (DTFE) (van de Weygaert & Schaap, 2009; Schaap & van de Weygaert, 2000), Discrete
Morse Theory (Forman, 1998, 2002) and Persistence Theory (Edelsbrunner et al., 2000) to
identify structures. DisPerSE was originally designed for studying the cosmic web, but has
been applied in other areas of astrophysics research.

Unlike other structure finding methods, DisPerSE is scale free and parameter free and can
be applied to smaller fields. DisPerSE is also freely available and accessible. The topological
methods are robust and objective, which is advantageous in three dimensions, where visual
identification of structures can be challenging. DisPerSE is a widely-used (Kraljic et al., 2017;
Laigle et al., 2017; Luber et al., 2019; Malavasi et al., 2017), and reliable when compared
to other structure finding methods (see Libeskind et al. (2018) for an in-depth compari-
son).

3.2.1 General Concepts

DisPerSE relies on several mathematical concepts, the Delaunay Tessellation Field Estima-
tor, Discrete Morse theory and Persistence theory, to extract filaments, walls and other
structures from the galaxy distribution. In this section, | will provide a simplified explana-
tion of these concepts, adapted from Sousbie et al. (2011) and how DisPerSE takes advan-
tage of them. For an in-depth explanation of this mathematical framework, refer to Sousbie
(2011).

Delaunay Tessellation Field Estimator

The Delaunay Tessellation Field Estimator (DTFE) is a geometric tool for estimating the den-
sity field from a discrete distribution and was developed by van de Weygaert & Schaap
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(2009). The tessellation works by dividing the field into triangles in such a way that, if all
three vertices lay on the circumference of a circle, that circle (called the circumcirle) would
not contain any other points from the distribution. Triangles in high density regions would
therefore be smaller in size than triangles in low density regions. This is illustrated in Figure
3.1

Figure 3.1: The Delaunay Tessellation of a set of points from (WikipediaCommons, 2013) is
shown in black. The circumcircles are illustrated by the grey lines.

The area of each triangle in the tessellation is thus inversely proportional to the density of
points. This triangulation can therefore be used to determine the density field . The Delau-
nay tessellation can be defined in higher dimensions, but in this application it is restricted
to 2D and 3D.

Discrete Morse theory

DisPerSE uses a discrete application of Morse theory (Forman, 1998, 2002) to find the rela-
tionship between the density field and its topology. Morse theory is based on Morse func-
tions, which are a type of twice-differentiable, smooth scalar functions (see Milnor (2016)
for an overview of Morse Theory). In practical terms, DisPerSE uses Discrete Morse theory
to segment the density field into regions, or cells, based on the gradient.

This requires two components of Morse functions, critical points and integral lines. Critical
points are points where the gradient is null and can be minima, maxima or saddle points.
Integral lines are curves tangent to the gradient field at every point. Each point has exactly
one integral line passing through it, which are gradient lines passing from one critical point to
another (see Figure 3.2). Integral lines originating or ending at the same critical point divide
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Figure 3.2: This figure from Sousbie et al. (2011) shows the gradient of a field, with black
arrows indicating the direction of the gradient. Minima are shown as blue points, saddle
points in green and maxima as red points. Examples of integral lines of a Morse function
are shown as pink lines.

the space into manifolds. Ascending manifolds are the sets of points belonging to integral
lines whose destinations are the same minima (see Figure 3.3), while descending manifolds
are described by integral lines ending at maxima (see Figure 3.4). The type of critical point
(maximum, minimum or saddle point) associated with the manifold also defines the index
assigned to the manifold. The set of these manifolds is called the Morse Complex.

The intersection of an ascending and descending manifold is called a p-cell. Segmenting
the space into p-cells makes up the Morse-Smale Complex (see Figure 3.5, which is then
used to determine cosmological structures. From the Morse-Smale complex, DisPerSE can
return cosmological structures from the corresponding type of manifold and index. Voids
are represented by ascending 0-manifolds, walls are represented by ascending 1-manifolds
and filaments are represented by ascending 2-manifolds.

Persistence Theory

DisPerSE uses a a topological concept called persistence to evaluate the robustness of struc-
tures found from the Morse-Smale Complex. Persistence evaluates the topological robust-
ness by examining pairs of critical points.

To evaluate the robustness of structures, a threshold is chosen and the set of points that
are above that threshold is examined. The value of the threshold is varied until it crosses
a critical point. If the critical point is a maximum, this creates a new topological feature in
the set of points, or destroys a topological feature in the set of points if the critical point is
a minimum.

These critical points are combined into persistence pairs, consisting of a positive component
(at maxima) and a negative component (at minima). The absolute difference in the values of

28



(2011) shows the set of ascending manifolds. i.e.

Figure 3.3: This figure from Sousbie et al.

the set of points belonging to integral lines whose destination is the same minimum.

shows the set of descending manifolds. i.e.
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(2011

the set of points belonging to integral lines whose destination is the same maximum.

Figure 3.4: This figure from Sousbie et al.
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Figure 3.5: This figure from Sousbie et al. (2011) illustrates the Morse-Smale Complex. The
blue region corresponds to a descending manifold shown in Figure 3.4, and the red region
shows an ascending manifold from Figure 3.3. The purple region shows a p-cell: the in-
tersection of ascending and descending manifolds. Black lines map the boundaries of the
descending manifolds and white lines map the boundaries of the ascending manifolds.

the negative and positive critical points is called the persistence of the pair. This is illustrated
in Figure 3.6

This persistence value is a measure of the robustness. Features that are created by noise will
have smaller persistence values and can be removed by setting the persistence threshold in
DisPerSE. The persistence may also be expressed as a ratio.

In DisPerSE, the persistence threshold can be set manually, but is typically expressed as a
number of sigmas calculated by evaluating the probability that a pair with given persistence
ratio occurs in a pure random discrete Poisson distribution.

3.3 Running DisPerSE

DisPerSE allows users to select one of four types of boundary conditions to apply when eval-
uating the Delaunay Tessellation Field Estimator. This is important for correctly determining
the topology of the distribution. The possible boundary conditions are as follows:

e smooth: new particles are added outside the distribution based on the density at the
edges.

e mirror: the distribution outside is a mirrored copy of the distribution inside
e periodic: the space outside is 'paved’ with copies of the distribution

e void: no boundary is added
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Figure 3.6: This figure illustrates how the persistence is determined. The first panel shows
a function with critical points marked in pink (maxima) and blue (minima). The red line indi-
cates the chosen threshold. In the second panel, the threshold crosses a maximum, creat-
ing a new topological component in the set of points above the threshold. The third panel
shows a pair of critical points, or a persistence pair, indicated by the purple arrows. The
green line indicates the persistence value of the pair - i.e. the difference in value between
the maximum and minimum. This figure is adapted from Sousbie et al. (2011).

Because the smooth boundary condition is recommended in the online DisPerSE manual for
3D galaxy distributions, which have irregular shapes, it was selected as the fiducial boundary
condition. The other boundary conditions will be evaluated on the observational data in
Section 3.6.

For the next step, the density field is used to determine the Morse-Smale Complex and the
filament ‘skeleton’ is extracted. The procedure is as follows:

e Use the mse function, setting the persistence threshold at the desired level. The
50 level is commonly selected to produce reliable filaments. The -forceloops and
-robustness commands are applied to this function to remove spurious structures
created by the underlying topology and ensure that the returned filaments are robust.
The -manifolds command is also applied to output the ascending and descending
manifolds for later inspection

e The filaments are smoothed and extracted using the skelconv function. Filament seg-
ments which double back on themselves are merged by applying the -breakdown com-
mand. The format for exporting the full filament skeleton in vtu format for visualisa-
tion in Paraview can be selected with the -to vtu command. Alternatively, the fila-
ment segments may be exported in ascii format using the -to segs_ascii command
and critical points may be exported using the -to crits_ascii command.

The highest density regions, called nodes, are represented by critical points which are max-
ima. These are nodes are identified as critical points with the type = 3 when 3-dimensional
data are used.

Lastly, the filaments and data points are imported into Paraview for visual inspection to
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Sample

Baryonic mass limit

Number of galaxies

High mass limit log(Mpa./ M) > 10.5 | 103
Intermediate mass limit | log(My,../ M) > 10 349
RESOLVE-A mass limit | log(My../ My) > 9.3 | 1031
Low mass limit log(My../ M) > 9 1218
No mass limit log(My../ Mg) >8.5 | 1297

Table 3.1: The subsamples and mass limits used to evaluate filaments in SIMBA

determine if the filament finding procedure was successful.

3.4 Using SIMBA simulations to test DisPerSE

Previous studies using DisPerSE typically use large data sets, of the order ~ 10, 000 galax-
ies (for example, Kleiner et al. (2016); Laigle et al. (2017); Luber et al. (2019)). Because
RESOLVE has a much lower number of galaxies ( ~ 1000), the reliability of filaments ex-
tracted using DisPerSE had to be tested using simulation data. In this case, data from the
SIMBA simulations are used to ensure that DisPerSE will extract reliable filaments in smaller
samples.

140

Y [Mpc]

1104

100

Figure 3.7: The left panel shows the XY projection of galaxies in the SIMBA 25 000 Mpc?
box. The middle panel shows the XZ projection and the right panel shows the YZ projection

To select a volume that is comparable to RESOLVE, | used Snapshot m100n1024 _151 from
the s50j7k model of the simulation. This corresponds to a 100 x 100 x 100 Mpc? box at z
=0.

Because RESOLVE is approximately 25 000 Mpc?, a 50 x 50 x 50 Mpc? section of the box
was selected and visually inspected to ensure that the distribution of galaxies approximately
matched RESOLVE-A in structure (i.e. that there were no massive clusters and it contained

at least one larger group). The XY, YZ, and XY projections of the selection are shown in
Figure 3.7.
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o ® o

o °

Figure 3.8: This figure shows the XY projection of the filaments and galaxies in each SIMBA
subsample. Blue dots represent the simulated galaxies and the black lines represent the
filament segments.

| then applied various baryonic mass cuts on the simulated galaxies, including the log(M;../M)
> 9.3) limit used for the RESOLVE-A data. The limits and number of galaxies in each sub-
sample are shown in Table 3.1. As shown in Figures 3.8 and 3.9, increasing the mass limit
reduces the number of galaxies in the distribution and thus affects how DisPerSE will extract
filaments.

| used DisPerSE to determine the Delaunay tessellation with a smooth boundary condition
and extracted the filaments using the procedure described in Section 3.3. The filaments
and subsamples are presented in Figures 3.8 and 3.9. Galaxies are shown in blue and the
filament segments extracted using DisPerSE are represented by black lines.

The filaments extracted by DisPerSE vary significantly depending on the mass limit used. In
the sample with the highest mass limit, DisPerSE finds some filaments that are consistent
with prominent filaments in the more complete samples, but also produces at least one
filament that is not seen in any of the more complete samples. At the intermediate mass
limit, DisPerSE performs poorly, but is able to extract more filaments than the high mass
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1404 140 4 140 4
130 130 130 A
—_
(9
o
=
> 1204 120 A 120 A
1104 110 110
1004 100 4 100 4
100 110 120 130 140 100 110 120 130 140 100 110 120 130 140
- Z [Mpc]
log Mpar > 9 log Mpar > 8.5 (no limit)
140 140
130 130
—_
[}
o
=
120 1204
>—
110 A 110 A
100 100
100 110 120 130 140 100 110 120 130 140
Z [Mpc] Z [Mpc]

Figure 3.9: This figure shows the ZY projection of the filaments and galaxies in each SIMBA
subsample. Blue dots represent the simulated galaxies and the black lines represent the
filament segments.
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sample.

At the limit of RESOLVE-A, the filaments are in good agreement with the filaments at lower
mass limits. However, there are some differences in the filaments identified at the different
mass limits, suggesting that some caution is required when analysing filaments when fewer
galaxies are used, but that DisPerSE is generally reliable at this mass limit.

3.5 Data Preparation

3.5.1 Correcting for Redshift Space Distortions

Measuring galaxy coordinates in three dimensions poses several challenges. Although a
galaxy’s on-sky position may be measured accurately, obtaining the physical distance to a
galaxy requires measurements based on the Tully-Fisher Relation, the Fundamental Plane
or from standard candles. Because these types of measurements are often unavailable or
costly to obtain, most surveys rely on redshift and recession velocity observations as a proxy
for distance.

When working with recession velocity measurements, galaxies may have an additional ve-
locity component, known as the peculiar velocity, from their distant-independent motion
within a galaxy cluster or group. This leads to a stretching-out of the group of cluster known
as the 'Fingers of God'’ effect. By eye, these redshift-space distortions can be easily mistaken
for filaments. The total recession velocity (v;,.) of a galaxy is given by,

Vot = Ho X D + Upec (31)

where D is the distance to the galaxy in Mpc, Hubble constant is Hy and additional peculiar
velocity component is v,.. due to motion within a group or cluster.

To correct for this effect, the RESOLVE group catalogue is used to assigned each galaxy in
a group to the velocity of the central galaxy within the group. This effectively collapses the
Fingers of God back into their respective groups. A comparison of the RESOLVE-A field
before and after this correction is shown in Figure 3.10.

3.5.2 Converting to comoving coordinates

Although DisPerSE is capable of finding filaments directly from sky coordinates (Right As-
cension (R.A.), Declination (Dec.) and redshift (z)), the internal transformation used for this
process is poorly documented. For clarity and ease of calculation, | transformed the galaxy
catalogue sky coordinates to comoving coordinates. Comoving coordinates are cosmologi-
cal coordinates which account for the expansion of the universe and allow calculations of
distance when working with redshift information. At low redshifts, like those in RESOLVE,
the transformations are as follows:
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Figure 3.10: The upper panel shows the uncorrected distribution of galaxies in RESOLVE
A in the R.A.-velocity plane. The lower panel shows the corrected distribution of galaxies
after each group or cluster galaxy was assigned to its group velocity. Notably, the large,
Finger of God structure at 180° < R.A. < 200° has been collapsed in the lower panel.

R = czlkm/s|/Hylkm/s/Mpc]
X = Rsin(90° — Dec) cos(RA)
Y = Rsin(90° — Dec) sin(RA)

Z = Rcos(90° — Dec)

(3.2)

Under this transformation, the coordinates are presented as distances in Megaparsecs (Mpc)
from the observer, the X coordinate corresponds most closely to cz, Z correspond most
closely to the Dec and Y corresponds approximately to the RA.

3.6 Filament Finding in RESOLVE-A

Once the galaxy data were converted to comoving coordinates and formatted into the ap-
propriate survey ascii format required by DisPerSE, | used the delaunay_3d function in Dis-
PerSE to run the Delaunay Tessellation Field Estimator with a smooth boundary condition
in 3D, as described in Section 3.3. The filaments were extracted using the Morse-Smale
Complex, applying a 3 o and 5 o persistence threshold for comparison. Figure 3.11 shows
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that the filaments extracted at both thresholds overlap. However, the 3 ¢ cut produces sev-
eral, additional filaments which are not as robust as the 5 ¢ filaments. The 50 cut is used in
the rest of this dissertation to ensure that the most robust filaments are selected.

_504
.
° U
Poneg® ®
-60 i
N
o] ) |
o) .
s
—_— o »
< 80 7N
—901 5 o filaments
3 o filaments
_100] @ Galaxies
O Nodes .

-80 -60 —40 =20 0 20 40 60

Figure 3.11: The galaxy distribution is shown in black points. Filaments extracted using the
3o persistence threshold are shown in transparent cyan. The filaments extracted with a 50
persistence threshold are shown in transparent, bright red. Dark red lines indicate where the
filaments found with the two thresholds overlap. They are in overall agreement with each
other. However, there are filaments which are removed when the 5¢ threshold is applied.

The filaments were visually inspected in Paraview to ensure that the filaments traced the
galaxy distribution in all three dimensions. Figure 3.12 shows a 3D view of the Delaunay tes-
sellation estimated by DisPerSE with the filaments found using the Morse-Smale Complex
overlaid, visualised in Paraview. This illustrates how the filaments are mapped according to
the density field. Additionally, Figure 3.13 shows that the filaments trace the galaxy distri-
bution in 3D.

3.7 Comparing the filaments found using different boundary
conditions

The different boundary conditions available in DisPerSE are compared in Figure 3.14. The
top panel shows the filaments found when the fiducial smooth boundary condition is ap-
plied. The filament segments connect to each other and the nodes lie in the high density
regions. This boundary condition produces the most filament segments and the fewest
number of nodes.

When the periodic boundary is applied, as shown in the second panel, the filaments show
some discontinuities. Additionally, this boundary produces nodes which lie at different lo-
cations to the smooth boundary condition.

The mirror boundary condition, shown in the third panel, produces filaments which closely
resemble the filaments produced by the smooth boundary condition. These filaments are
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Figure 3.12: The Delaunay tessellation estimated by DisPerSE calculated for the RESOLVE
A field with a smooth boundary. The solid lines show the filaments extracted based on this
Delaunay tessellation.

well-connected. However, as with the periodic boundary condition, the nodes do not lie at
the same locations as the nodes found with the smooth boundary condition. Additionally,
this boundary condition produces fewer filament segments.

The void boundary condition, as shown in the last panel, produces filaments that trace the
galaxy distribution well. However, the nodes produced by this boundary condition do not
match the nodes found with the smooth boundary condition.
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Figure 3.13: A 3D view of the 50 filaments in black lines extracted using DisPerSE and the
galaxy distribution as red spheres.
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Figure 3.14: The filaments extracted when different boundary conditions are compared.
The smooth boundary condition, which is the fiducial boundary condition, is shown in the
top panel. The periodic boundary condition is shown in the second panel, followed by the
mirror boundary condition in the third panel. The lower panel shows the void boundary
condition. Nodes are represented by dark blue open circles. The grey lines represent the 5
o filaments. The galaxy distribution is shown by coloured circles.
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Overall, the filaments generally match, regardless of boundary conditions. Although the
smooth boundary does produce a higher number of filaments than the other boundary con-
ditions, these additional filament segments do not contain many galaxies and thus would
not have a significant effect on the results. Additionally, the smooth boundary condition is
the only boundary condition which places nodes near the centre of the large galaxy group
located in the lower left of the galaxy distribution. Due to the strong recommendation to
use the smooth boundary condition for observational data by the DisPerSE manual (Sousbie,
2013), this boundary condition is used in this project.

3.8 Calculating the Distance to filaments

When studying the effect of filaments on galaxy evolution, one of the most important pa-
rameters is the distance from a galaxy to the nearest filament. For studies that use Dis-
PerSE, this is measured as the distance to the nearest critical point, D.,, (for e.g. Luber et al.;
Blue Bird et al.), or the perpendicular distance to the nearest filament segment or ‘skeleton),
(Dgel) (see Kraljic et al.). These metrics are illustrated in the diagram in Figure 3.15.

Critical
point

Figure 3.15: This diagram shows the difference between the D.,,, parameter (dashed, blue
line), which shows the distance to the nearest critical point, and the Dg(red, solid line),
which measures the perpendicular distance to the nearest filament segment. The critical
points are marked with cyan circles and the filament segments are represented by the solid
black lines.

The distance between each filament segment and is calculated using standard 3D vector
calculus to find the nearest filament for each galaxy.

For comparison, the distance to the nearest critical point for each galaxy is also calculated.
This comparison is shown in the histogram in Figure 3.16. The distances estimated with
Dgker are smaller than the distances calculated with D, which is expected because galaxies
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situated near the midpoint of a filament segment may have shorter distances to the nearest
filament segment, compared to the nearest critical point, which are found at the ends of
filament segments.

Although both parameters show a similar distribution, the Dy, parameter more accurately
describes the physical distance from a filament to a galaxy and is more commonly used in
the literature. However, this method is more computationally expensive to calculate and
is difficult to optimise, unlike D.,, which can easily be optimised for large samples using
techniques like KD-trees. The distance to critical point is calculated to compare my results
to other works in the literature.

350 A

: Dskel
300 A
= D

250 A

0 2 4 6 8 10 12 14 16

Distance [Mpc]

Figure 3.16: Histogram showing the distances calculated using Dy Vs D.,,. The distances
estimated with the Dy, parameter are lower than the distances calculated with the D,
parameter.
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Chapter 4

Results and Analysis

The previous chapter demonstrated that DisPerSE is a reliable tool for extracting filaments
from an observational data set. This chapter will present the results of the filament identifi-
cation in RESOLVE-A and the analysis of the galaxy properties with respect to distance to
filament. Lastly, | will examine the role of groups in driving trends.

4.1 The effect of filaments on galaxy properties

Since the focus of this dissertation is how filaments affect galaxy evolution - specifically,
the gas properties of galaxies - this analysis will examine how the median stellar mass, u-r
colour and gas fraction change with distance to filament.

The galaxies in RESOLVE-A are concentrated close to the filaments. Figure 4.1 shows the
filaments in RESOLVE-A. Galaxies are colour-coded by the mass of their host dark matter
halo. Although DisPerSE does not receive any input indicating the halo masses, high mass
halos are found at the intersection of filaments and correspond to the nodes, which repre-
sent the maxima of the underlying density field. This is consistent with the predictions of
large scale structure models (Cautun et al., 2014).

To examine trends with distance to filament and achieve robust statistics across the range
of distances, the galaxies are sorted by distance and divided into bins with an equal num-
ber of galaxies in each bin throughout this analysis. Although this results in bin edges that
do not correspond to the typical sizes of physical structures, such as the radius of a group
or filament, it ensures that observed trends are independent of the fluctuating number of
galaxies at each scale. In each distance bin, the median value of the binned values, along
with the number-weighted bin center, are calculated. Bootstrapping * (1000 iterations with
replacement) is used to determine the 10 confidence interval for each bin median. Addi-
tionally, the Spearman’s rank test 2 is applied to the median galaxy properties and binned
distance to filament to determine the strength of the trends and statistical significance. Be-

lastropy implementation at https:/docs.astropy.org/en/stable/api/astropy.stats.bootstrap.html
2scipy implementation at https:/docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr.html

43



—50 14.0
O u'h
Tom A I 13.5
—60 \ ]
\ ° | 13.0
7 N X ~
)
5 707 . : J “; ¢ 125
§_ . ) ¥ A J '\h\‘ / E
= e ° \L.? N e ' L 120 =
8 N2 A 5 XN &7 g
) Ty, (O, : \ 59
= B 2 N At
7 & ¢
(O Nodes \\_..".. ¥ fflx‘«" L11.0
=== 5 0 filaments “ '
-100 - 4
Galaxies 10.5
—~80 ~60 —40 ~20 0 20 40 60 -
Y [Mpc]

Figure 4.1: The YX projection of filaments and galaxies in RESOLVE-A. Black lines represent
filament segments identified by DisPerSE. Open, blue circles show the location of nodes.
Galaxies are colour coded by the mass of their host dark matter halos.

cause each trend is represented by a small number of bins, the significance is assessed by
comparing the correlation coefficient r, to the critical values of the Spearman’s rank test for
n number of bins, such that the trend is considered significant if |r;| > critical value at the
a = 0.1 level (see Appendix B).

4.1.1 Stellar mass

Because most galaxy properties depend on stellar mass, it is important to analyse how stellar
mass is affected by filaments. RESOLVE includes galaxies across a range of stellar masses,
but notably probes galaxies at very low stellar masses as shown in the histogram in Fig-
ure 4.2. This histogram shows the mean (mean log (M, /M) = 9.74) and median (median
log (M, /M) = 9.45) stellar mass values for the entire sample, as well as lines indicating the
gas-richness threshold and bimodality threshold, which divide the sample into low, interme-
diate and high mass subsamples (see subsection 4.1.2).

Figure 4.3 shows the location of galaxies with respect to the filaments, colour-coded by their
log stellar mass. Although there are some high mass galaxies far away from the filaments,
the filaments are mostly made up of high stellar mass galaxies. This is reflected in Figure 4.4,
which shows the median stellar mass vs distance to filament. In this figure, the median stellar
mass of galaxies decreases as distance from filament increases. For distances with Dy < 1.5
Mpc, the median decreases by ~ 0.5 dex and this trend is statistically significant (see Table
4.1). However, beyond 1.5 Mpc, this trend flattens out. This indicates that galaxies within
a typical filament radius have higher stellar masses than galaxies outside of filaments.
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Figure 4.2: Histogram showing the number of galaxies in RESOLVE-A in stellar mass (log
(M,./ My,)) bins of 0.5 dex. The mean stellar mass and median stellar mass are represented
by solid and dashed black lines respectively. The gas-richness and bimodality thresholds are
indicated by the green and orange lines.
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Figure 4.3: The YX projection of filaments in RESOLVE-A, overlaid with galaxies colour
coded by their stellar mass. Darker colours indicate more massive galaxies.
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Figure 4.4: The median stellar mass vs distance to filament (D,.;) is shown in blue. Individual
galaxies are shown in grey. The coloured band indicates the 1o error on the median in each
bin. The right panel shows this distribution for 0 Mpc < D,..; < 4 Mpc to highlight the
behaviour close to the filaments. The median stellar mass increases by ~ 0.5 dex for D,
< 1.5 Mpc.

Table 4.1: Spearman’s Rank Test properties for stellar mass vs distance to filament for galax-
ies, by mass, as shown in Figure 4.4.

Measurement \ Npins Naor  Critical value for Nyt rg Significant
log (M, /M) (Dgrer< 1.5 Mpc) 5 3 0.9 -0.9 Yes
log (M,./M,,) 7 5 0.714 -0.75 Yes

4.1.2 Colour

Galaxy colour (in this case, the u-r colour) is an indicator of star-formation and quenching,
dust content and stellar age (Mo et al., 2010). In terms of environment, the fraction of red
galaxies is typically higher in dense regions than in low-density regions. Figure 4.5 shows
the distribution of galaxy colour with respect to the filaments. Galaxies in the high density
regions, close to the nodes, of this map are typically red compared to galaxies spread across
the filaments.

Kannappan et al. (2013) connected two observed scales in galaxy properties, the gas-richness
threshold (log (M, /M) < 9.7) and bi-modality threshold (log (M, /M) > 10.5) to gas refu-
elling regimes. Below the gas-richness threshold, originally defined by Dekel & Silk (1986),
gas-dominated, quasi-bulgeless galaxies are most common and are refuelled by accretion
mechanisms. Galaxies above the bi-modality threshold (Kauffmann et al., 2003) are typi-
cally gas-poor and are elliptical or SO type galaxies, which fall within the quenched regime.
Galaxies between these scales are "processing-dominated", where they use gas at approx-
imately the same rate at which it is accreted. Because these scales segregate galaxies by
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Figure 4.5: The YX projection of flaments in RESOLVE-A, showing the distribution of galax-
ies by their u-r colour.

type and are connected to gas refuelling, they are useful for ensuring that observed effects
on colour and gas fraction are due to environmental effects rather than inherent to the
galaxy type or stellar mass. Additionally, these mass scales are broad enough to contain a
sizeable number of galaxies for calculating medians and determining trends. To control for
the effect of stellar mass on colour, the sample is split into a low mass subsample (below
the gas-richness threshold), an intermediate mass subsample and a high-mass subsample
(above the bi-modality threshold).

The colour-magnitude diagram, shown in Figure 2.2, features a prominent ‘blue cloud’ of
star-forming galaxies and a smaller red sequence, separated by a less populous ‘green val-
ley’. This is reflected in the histograms shown in Figure 4.6. Galaxies in the low-mass sub-
sample are the most numerous and are bluer in colour than the high and intermediate mass
subsample. The intermediate mass samples, which consists of galaxies of various morpho-
logical types, is redder than the the low mass subsample and is bluer than the high mass
subsample. Galaxies in the high mass subsample are the reddest of the all the categories,
which is typical for this mass range.

The median u-r colour vs distance to filament in each of these mass bins are shown in Figure
4.7. The overall increase in median colour with increasing mass is expected from the known
relations between colour and stellar mass. In each subsample, the median colour decreases
as distance to filament increases (i.e. galaxies close to filaments are redder than galaxies
futher away). Due to the limited statistics, the trend is only statistically significant for the
low mass bin (see Table 4.2).

4.1.3 Gas fraction

The effect of filaments on the gas content of galaxies is poorly understood in the literature.
To examine this effect, the gas fraction - that is, the ratio of HI mass to stellar mass (My;/M,),
is calculated. Figure 4.8 shows the gas fraction of galaxies distributed with respect to the
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Figure 4.6: Histograms showing the distribution of u-r colour for galaxies in the low mass
(blue), intermediate mass (green) and high mass (yellow) subsamples. The solid black lines
indicate the mean colour in each subsample and the dashed lines indicate the median.
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Figure 4.7: The median u-r colour vs distance to filament (Dy.i[Mpc]) is shown in bins of

stellar mass. The median for low mass galaxies is shown in blue, while high mass galaxies are

shown in yellow. The coloured bands indicate the 1o error on the median. The right-hand

panel shows this distribution for O Mpc < D < 4 Mpc to highlight the behaviour close to

the filaments
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Table 4.2: Spearman’s Rank Test properties for u - r colour vs distance to filament for galaxies,
by mass, as shown in Figure 4.7.

Measurement \ Nibins Ngor Critical value for Ny  ry  Significant
u - r colour - low mass 5 3 0.9 -0.9 Yes
u - r colour - intermediate mass 4 2 1 -0.8 No
u - r colour - high mass 4 2 1 -0.8 No
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Figure 4.8: The YX projection of filaments in RESOLVE-A, overlaid with galaxies colour
coded by their gas fraction. Darker colours indicate galaxies with higher gas fractions, while
lower gas-fraction galaxies are shown in the brighter colours.

filaments. Galaxies with lower gas fractions are concentrated at high-density regions. The
data are divided into the same mass bins as in subsection 4.1.2 to remove any mass depen-
dence. These mass bins also correspond to the accretion-dominated (log (M,/My) < 9.7),
process-dominated (9.7 < log (M, /M) < 10.5) and quenching (log (M,/Mg) > 10.5) refu-
elling regimes described in Kannappan et al. (2013). Histograms showing the gas fraction
in each mass bin are shown in Figure 4.9. This shows that the low-mass subsample has the
largest spread in gas fraction and is represented by a larger x-axis in the figure, with values
ranging from O to several galaxies with G/S > 8, while the intermediate and high mass sub-
samples have narrow distributions with gas fractions ranging O < G/S < 2. Note that while
the majority of gas fraction measurements are calculated using direct HI detections, upper
limit estimates and photometric gas fraction estimates are treated as measurements in this
work. Section 2.1.1 describes this choice and provides the frequency of each gas fraction
type within each mass bin.

To understand whether filaments affect the gas content of galaxies, the median gas fraction
vs distance to filament is calculated in each mass bin, as shown in Figure 4.10. This figure
shows that the median gas fraction increases for low mass galaxies as distance to filament
increases. This trend is statistically significant, as shown in Table 4.3. The low mass subsam-
ple contains two galaxies with extremely high gas fractions (My;/M, > 30). These galaxies
were checked to confirm the validity of the gas fractions. These galaxies have reliable stellar
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Figure 4.9: Histograms showing the distribution of gas fraction for galaxies in the low mass
(blue), intermediate mass (green) and high mass (yellow) subsamples. The solid black lines
indicate the mean gas fraction in each subsample and the dashed lines indicate the median.

mass estimates and high signal-to-noise ALFALFA HI detections and are therefore kept in
the sample. Additionally, because a baryonic mass limited sample is used (see Chapter 2),
the sample contains low stellar mass galaxies which may have been excluded if a luminosity
or stellar mass limited sample was used.

The gas fraction for high mass galaxies also increases as D jincreases. However, this trend
is not significant. For intermediate mass galaxies, there is no statistically significant trend in
median gas fraction with distance to filament.

Table 4.3: Spearman’s Rank Test properties for gas fraction, shown in Figure 4.10.

Measurement \ Niuins Ngof Critical value for Ny  ry  Significant
G/S - low mass 5 3 0.9 0.9 Yes
G/S - intermediate mass | 4 2 1 0.4 No
G/S - high mass 4 2 1 0.8 No

4.2 The effect of groups and filaments on galaxy properties

Galaxy groups have a significant effect on the evolution of galaxies. Large galaxy groups
may occur at the high density nodes of the cosmic web, which also form the intersection
of filaments. These high-density regions may introduce additional gradients and trends in
galaxy properties, as demonstrated by Laigle et al. (2017). Pre-processing, where galaxies
are quenched through strangulation or evaporation (Fujita, 2004), may occur in small groups
that reside within filaments (Sarron et al., 2019). Along with galaxy-galaxy interactions, this
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Figure 4.10: The median gas to stellar mass fraction vs distance to filament is shown in
bins of stellar mass, as described in Figure 4.7. The gas fraction is represented on a log
y-axis. Arrows indicate galaxies where upper limit estimates are used to determine the gas

fraction. The right-hand panel shows this distribution for 0 Mpc < Dy.1< 4 Mpc to highlight
the behaviour close to the filaments.

may alter the morphology, colour, stellar mass and gas content of galaxies in addition to the
effect of the filaments themselves. To isolate the effect of filaments, galaxy groups must
be carefully considered. Figure 4.11 shows the number of galaxies belonging to groups of
different sizes in relation to their distance to filament. While most galaxy pairs are concen-
trated at Dy < 0.5 Mpc, several pairs can be found at larger distances. Small groups (3 <
N1 < 5) are concentrated at Dy < 0.5 Mpc, although a few small groups may be found at
larger distances. Large groups (N4> 5) all occur within Dy < 4 Mpc

Many galaxy groups occur close to the filaments, at distances which trends in stellar mass,
colour and gas fraction were observed in Section 4.1.

This section will consider the effect of filaments on galaxies’ properties after the contribu-
tions due to groups are removed. Additionally, the HI deficiency of galaxies will be examined
to provide a more detailed analysis of the gas properties of galaxies.
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Figure 4.11: Histograms showing the number of galaxies of belonging to various group sizes
in bins of distance to filament (D1 [Mpc]). The top panel corresponds to single galaxies, the
second panel shows galaxy pairs, the third panel shows small groups (3 < N, < 5), with the
bottom panel showing large groups (Ng.;> 5).
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4.2.1 HIl deficiency

The HI deficiency parameter is useful to examine the effect of filaments and groups on the
gas content of galaxies. The HI deficiency compares the observed HI mass and the expected
HI mass of a galaxy, based on observations of galaxies that are completely isolated and free
of environmental effects (Haynes & Giovanelli, 1984). It is given by,

Hlger = log M5 — log MSpY, (4.1)
where log M7 is the expected HI mass determined using empirical relations and log M2k is
the observed HI mass. Positive values indicate that galaxies are more HI deficient, or gas-
poor, than expected, while negative values indicate galaxies with an excess of Hl gas. The
relation from Bok et al. (2020), determined using isolated galaxies from the AMIGA project
(Verdes-Montenegro et al., 2005), is used to determine the expected HI mass:

log MSP = 0.44 x log M, /Mg, + 5.19, (4.2)
where log Mj;}” is the expected HI mass and M, is the stellar mass of the galaxy. The range for
‘normal’ galaxies, as defined by Haynes & Giovanelli (1984), is -0.3 < Hlg.s < 0.3. Using this
relation and the observed HI masses from the RESOLVE catalogue, histograms showing the
HI deficiency for galaxies in groups of different sizes is shown in Figure 4.12. The histogram
showing the HI deficiency for single galaxies peaks in the HI excess range, with a wide ‘tail’
extending to the HI deficient range. The histogram showing paired galaxies peaks within
the ‘normal’ range for HI deficiencies. For galaxies in small groups, with 3 < N, < 5, the
histogram features a peak within the normal range as well as a peak within the HI deficient
range. The galaxies in large groups (N, > 5) distribution peaks in the HI deficient range.
As the number of galaxies per group increases, the peak of the histogram shifts from Hl
excess to HI deficiency, indicating that galaxy group size has an impact on the HI deficiency
of galaxies.

To illustrate the contribution to the HI deficiency histograms from the direct detections
compared to the non-detections, | overplot the histograms for the detections only in Figure
4.12. The distributions for single galaxies and pairs are largely unaffected since the majority
of those samples are composed of galaxies which were directly detected in HI. For the group
galaxies, there are very few directly detected HI deficient galaxies, and the HI deficient
peaks are driven mainly by the HI non-detections. However, this is expected since upper
limits represent the lowest detectable HI mass and HI deficient galaxies would not have
enough HI gas to cross this limit.

Figure 4.13 shows the HI deficiencies for galaxies vs distance to filament. Each galaxy is
colour coded by the size of its host group. Galaxies in large groups are more HI deficient
and closer to filaments than single galaxies. However, there is some variation for small
groups. Most single galaxies show an excess in HI.

For the remaining analysis, the sample is split into groups, where Nz, > 3, and singles +
pairs, where N,,; < 3. Median properties are calculated as described in Section 4.1 for the
remainder of this section.
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Figure 4.12: Histograms showing the number of galaxies belonging to groups of different
sizes in bins of HI deficiency. Single galaxies are found in the top panel, with paired galaxies
in the second panel, small galaxy groups ( 3 < N, < 5) in the third panel. The bottom
panel shows galaxies in large groups (N, >5). Vertical lines indicate the ‘normal’ range for
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direct detections only are over-plotted in solid lines for each group size.
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Figure 4.13: The HI deficiency vs distance to filament (D) for galaxies. Red triangles
represent galaxies which belong to groups containing more than 5 members. Purple stars
represent galaxies belonging to groups containing 3-5 members. Orange squares represent
galaxies in pairs and blue circles represent single galaxies. Points above the dot-dashed line
indicate galaxies that are deficient in HI and galaxies below the solid line have an excess of
HI. The range for ‘normal’ HI values (Hl4.¢4-0.3) is indicated by the dot-dashed lines.

4.2.2 Stellar mass

Since the stellar mass trend with respect to distance to filament is one of the most prominent
trends in this data and in the literature, it is worth examining if this trend may be driven by
groups in addition to the filament environment. Figure 4.14 shows that the median stellar
mass for galaxies in groups (N,.;> 2) is systematically higher than the median stellar mass
for single + pairs. Although the decreasing trend in median stellar mass with increasing
distance from filament for single + pairs is not statistically significant (see Table 4.4), the
decreasing trend is stronger for single + paired galaxies than for group galaxies. This may
suggest that the trend in Figure 4.4 is due to the filament environment rather than the group
environment.

4.2.3 Colour

As shown in subsection 4.1.2, galaxies in RESOLVE-A are redder, on average, close to fil-
aments than galaxies further away. However, as shown in Figure 4.11, there are several
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Figure 4.14: The median stellar mass (log(M, /M) vs distance to filament (D [Mpc]) for
galaxies in groups (in teal) compared to single and paired galaxies (pink). The right-hand
panel shows the distributions for O Mpc < Dy < 4 Mpc to highlight the behaviour close to
the filaments.

Table 4.4: Spearman’s Rank Test properties for log stellar mass vs distance to filament for
galaxies in groups and singles + pairs, as shown in Figure 4.14

Measurement \ Npins Ngof Critical value for Ny  ry  Significant
log (M,/M.,) - groups 4 2 1 -0.4 No
log (M, /M) - singles + pairs | 4 2 1 -0.8 No

groups that make up the filaments. These groups may pre-process galaxies, quenching star
formation (Fujita, 2004), and resulting in an observed reddening in colour that is due to the
groups rather than the filaments themselves.

To examine this effect, Figure 4.15 shows the number of galaxies in bins of u - r colour, by
mass and group environment. These histograms show the bimodality of galaxies, where
low-mass galaxies are bluer than high mass galaxies, and also indicate the environmental
effect of groups by showing that group galaxies are redder than single and paired galaxies.
Figure 4.16 shows that the median u-r colour for galaxies in groups (N, > 3) is higher
than the median colour for single + pairs (Ng, < 3). This is expected because of group
pre-processing, resulting in redder colours. Galaxies close to filaments in groups appear
to be redder than galaxies further away. However, this trend is not statistically significant
(see Table 4.5). The median colour for single + pair galaxies shows no trend with distance
to filament. Similarly, when broken down by mass as in Figure 4.17, the low mass, group
galaxies show a decreasing trend in median colour with distance to filament, but this trend
is not statistically significant (see Table 4.6).

Overall, this suggests that the trend for low mass galaxies described in subsection 4.1.2 may
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Figure 4.15: Histograms showing the number of galaxies in bins of u-r colour. The top row
shows galaxies with N, < 3 and the bottom row shows galaxies in groups (N, > 3). Dashed
lines indicate the median value and solid lines indicate the mean value for each subsample.

be due to the group environment rather than the filament environment.

Table 4.5: Spearman’s Rank Test properties for u - r colour vs distance to filament for galaxies
in groups and singles + pairs, as shown in Figure 4.16.

Measurement \ Npins Ngof Critical value for Ny  ry  Significant
u - r colour - groups 4 2 1 0.8 No
u - r colour - singles + pairs | 4 2 1 0.4 No

4.2.4 Gas fraction

As shown in subsection 4.2.1, groups may affect the gas content of galaxies. To investigate
the effect of filaments when group galaxies are removed, Figure 4.19 shows the median
gas fraction vs distance to filament for singles + pairs (N, < 3) and groups (Ng,;> 3). The
median gas fraction for single + pair galaxies is systematically higher than group galaxies.
Additionally, the median gas fraction for group galaxies increases significantly for Dg.< 2.5
Mpc (Table 4.7). When broken down by mass, as shown in Figure 4.20, this increase is
reflected by the increase in gas fraction for low and intermediate mass group subsamples.
However, these trends are not significant at the o = 0.1 level. Additionally, low-mass, single
+ pair galaxies show a significant increasing trend in gas fraction with distance to filament
(Table 4.8).
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Figure 4.16: The median u-r colour vs distance to filament (D4 [Mpc]) for galaxies in groups

(in teal) compared to single and paired galaxies (pink). The right-hand panel shows the dis-
tributions for O Mpc < Dg. < 4 Mpc to highlight the behaviour close to the filaments.

Table 4.6: Spearman’s Rank Test properties for u - r colour vs distance to filament for galaxies
in groups and singles + pairs, by mass, as shown in Figure 4.17

Measurement Niins Ngor Critical value for Ny  ry  Significant
u - r colour - low mass group 4 2 1 -0.8 No
u - r colour - int mass group 4 2 1 -0.6 No
u - r colour - high mass group 4 2 1 0.4 No
u - r colour - low mass singles + pairs 5 3 0.9 0.3 No
u - r colour - int mass singles + pairs 4 2 1 0.2 No
u - r colour - high mass singles + pairs | 4 2 1 04 No

4.3 Summary

In this chapter, | have shown that galaxies in RESOLVE-A have higher stellar masses close
to filaments and that the median stellar mass of galaxies decreases as distance to filament
increases up to D= 1.5 Mpc. Low mass galaxies are redder close to filaments. However,
when group galaxies are removed, this trend is no longer present. This may indicate that
the redder colours of low mass galaxies close to filaments is due to group pre-processing,
rather than the effects of filaments. Additionally, low mass galaxies increase in gas fraction
as distance to filament increases, even when group galaxies are accounted for.
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Figure 4.17: The median u-r colour vs distance to filament (D4 [Mpc]) for single and paired

galaxies is shown in the upper panels, in stellar mass bins. Low mass galaxies are represented

in blue. Intermediate mass galaxies are shown in green, with high mass galaxies shown in

orange. The lower panels show the trends for galaxies in groups. The right-hand panels

shows the distributions for 0 Mpc < Dy < 4 Mpc to highlight the behaviour close to the
filaments.
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Figure 4.18: Histograms showing the number of galaxies in bins of gas fraction (My;/M,).
The top row shows galaxies with N,, < 3 and the bottom row shows galaxies in groups
(Ng.1> 3. Dashed lines indicate the median value and solid lines indicate the mean value for
each subsample. The low-mass galaxies are assigned larger bins, to capture the full range
of values.
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Figure 4.19: The median gas fraction (My;/M,) vs distance to filament (D [Mpc]) for galax-
ies in groups (in teal) compared to single and paired galaxies (pink). The gas fraction is rep-
resented on a log axis for clarity. Arrows indicate galaxies where upper limit estimates are
used to determine the gas fraction. The right-hand panel shows the distributions for 0 Mpc
< Dyl < 4 Mpc to highlight the behaviour close to the filaments.

Table 4.7: Spearman’s Rank Test properties for gas fraction vs distance to filament for galax-
ies in groups and singles + pairs, as shown in Figure 4.19

Measurement \ Npins  Ngor Critical value for Ngoy r,  Significant
G/S - groups 4 2 1 1 Yes
G/S - singles + pairs | 4 2 1 0.8 No

Table 4.8: Spearman’s Rank Test properties for gas fraction vs distance to filament for galax-
ies in groups and singles + pairs, by mass, as shown in Figure 4.20

Measurement Npins Ngof Critical value for Ngos r,  Significant
G/S - low mass group 4 2 1 0.8 No
G/S - int mass group 4 2 1 0.8 No
G/S - high mass group 4 2 1 0 No
G/S - low mass singles + pairs 5 3 0.9 0.9 Yes
G/S - int mass singles + pairs 4 2 1 -0.8 No
G/S - high mass singles + pairs | 4 2 1 0 No
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Figure 4.20: The median gas fraction (My;/M,) vs distance to filament (D [Mpc]) is shown
for single and paired galaxies (upper panels) and group galaxies (lower panels), in bins of
stellar mass. The gas fraction is represented on a log axis. Arrows indicate galaxies where

upper limit estimates are used to determine the gas fraction. The right-hand panel shows
the distributions for O Mpc < Dy1< 4 Mpc to highlight the behaviour close to the filaments.

62



Chapter 5

Discussion

The current framework for understanding how filaments affect galaxy evolution suggests
that the filament ‘backbone’ is made up of higher-mass galaxies and groups. This has been
supported by observations of mass segregation within filaments - where galaxies at the
core of filaments have higher stellar masses than galaxies outside filaments (Chen et al.,
2017; Kraljic et al., 2017). Furthermore, Tidal Torque Theory (Hoyle, 1949; Peebles, 1969;
Doroshkevich, 1970; White, 1984) provides a mechanism for low-mass galaxies to accrete
gas at the ‘vorticity-rich’ outskirts of filaments (Laigle et al., 2015). Additionally, as galaxies
enter filaments, they may become detached from their primordial gas supply through major
mergers, accretion of satellites or as they cross the filament. Filaments are typically clas-
sified as intermediate-density regions. As such, various authors (Guo et al., 2015; Kuutma
et al., 2017; Aragon Calvo et al., 2019) suggest that galaxy-galaxy mergers and interactions
may occur frequently and drive morphological transformations such as those observed by
Kuutma et al. (2017). Galaxies in groups travelling along filaments to higher-density regions
such as clusters may be pre-processed by the groups, which may result in morphological
and gas fraction changes to the galaxies (Fujita, 2004; Sarron et al., 2019).

In the previous chapter, | showed that galaxies in RESOLVE-A are more massive close to
filaments. Low mass galaxies increase in gas fraction as the distance to filament increases.
Although low-mass galaxies are redder close to filaments, this trend is no longer present
when groups are removed. In this chapter, | will place these observed trends into context
by comparing to previous work and explore how these trends may be affected by the choice
of distance metric and contributions from high-density nodes. | will also examine possible
mechanisms for driving these trends.

5.1 Stellar Mass

It is well established that stellar mass is the most crucial predictor of a galaxy’s properties,
even when environment is considered (Kauffmann et al., 2004; Kauffmann et al., 2003; Peng
et al., 2010; Alpaslan et al., 2014b). In the previous chapter, Figure 4.4 showed that the
median stellar mass of galaxies is higher within 1.5 Mpc of filaments than further away.
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Figure 5.1: The distribution of galaxies with respect to nodes. Nodes are marked by open,
black circles. Galaxies that are within 3.5 Mpc of a node and are removed from the analysis

in this section are marked in pink and orange. Square symbols denote galaxies that belong
to groups. The majority of ‘node galaxies’ fall within groups.

Laigle et al. (2017) and Kraljic et al. (2017) showed that high-density nodes (see Section
3.3), found at the intersection of filaments, may introduce additional gradients in properties
like stellar mass which may be mis-attributed to filaments. This is typically corrected by
removing galaxies within the vicinity of these nodes before performing further analysis. In
this work, nodes correspond closely to many of the large groups (see Figure 5.1). Separating
groups from single and paired galaxies, as done in Chapter 4, therefore has a similar result
as removing galaxies near nodes with the additional advantage of removing the effects of
smaller groups. However, to test whether nodes have an effect on the observed trends
and to compare directly to Laigle et al. (2017); Malavasi et al. (2017); Kraljic et al. (2017),
galaxies within 3 Mpc of the nodes identified by DisPerSE are removed. These galaxies are
shown using pink and orange symbols in Figure 5.1. The average stellar mass vs distance to
filament when ‘node galaxies’ are excluded and when they are included is shown in Figure
5.2. Note that in this chapter, the coloured bands indicating the 1 ¢ uncertainty are removed
from the figures to facilitate comparisons.

Figure 5.2 shows that the trends with stellar mass persist when node galaxies are removed.
This indicates that this trend is driven by the filaments, rather than affected by nodes. As
shown in Figure 4.14 in the previous chapter, groups may also contribute to this trend.

The increase in stellar mass close to filaments after removing node galaxies is in agreement
with the trends in stellar mass observed by Laigle et al. (2017); Kraljic et al. (2017) in the
COSMOQ0S2015 and GAMA surveys and Malavasi et al. (2017) in the high-redshift VIMOS

survey.

While D is most commonly used as the metric for measuring the distance to filaments in
studies that use DisPerSE for filament identification, Luber et al. (2019) and Blue Bird et al.
(2020) use the distance to nearest critical point, D.,, in their analysis of galaxy properties.
As described in Chapter 3, D, was also calculated for each galaxy. Figure 5.3 shows the
comparison of Dy and D.,. Although there is an overall agreement between the two
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Figure 5.2: The median stellar mass vs distance to filament (D) for all galaxies is shown
as a solid blue line. For comparison, the median stellar mass vs Dy when galaxies within
3.5 Mpc from the nodes are removed is shown as a cyan dashed line. The right-hand panel
shows the distributions for O Mpc < Dy < 4 Mpc to highlight the behaviour close to the
filaments

metrics, the critical point distances are larger than the distance to skeleton in several cases.
Critical points form the endpoints of filament segments. D, measures the perpendicular
distance to the nearest filament segment, while D., measures the distance to the nearest
critical point. For a galaxy near the center of a filament segment, D.is expected to be
smaller than D,

In comparison to Luber et al. (2019), the average stellar mass is calculated in bins of D, and
is shown in Figure 5.4. This figure shows that the same trend in stellar mass is found when
D, is used rather than Dy. Galaxies at distances less than 1.5 Mpc are more massive than
galaxies at larger distances when D, is used. Unlike the Dy trend, there is no ‘bump’ be-
tween 1-3 Mpc. This may indicate that the ‘bump’ may be caused by the choice of distance
metric and binning process, rather than physical mechanisms. Additionally, the decrease in
average stellar mass is larger in this work than in (Luber et al., 2019), dropping by ~ 0.7 dex,
whereas Luber et al. (2019) find a decrease of ~ 0.4 dex. The results are in good agreement
with each other, overlapping within the 1 o uncertainties.

When comparing how the stellar mass changes with respect to filaments, the results from
this study are in good agreement with the literature. | have shown that the trend where
galaxies close to filaments have higher stellar masses than galaxies further away from fila-
ments holds when galaxies near nodes are excluded and when a different distance indicator
is used. This supports the notion that the core of filaments are made up of more massive
galaxies.
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metrics produce similar results, the D, values are typically larger than the Dy values.
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Figure 5.4: The average stellar mass vs distance to nearest critical point in this work (cyan)
is shown in comparison to the average stellar mass vs distance to nearest critical point from
Luber et al. (2019) (magenta). The cyan band shows the 1 o error on the mean. The right-
hand panel shows the distributions for 0 Mpc < D, < 4 Mpc to highlight the behaviour at
small distances.

5.2 Colour and star formation

The colour-magnitude diagram reveals that a sample of galaxies will typically form a bimodal
distribution - a red sequence consisting of quenched, mostly early-type galaxies, and a ‘blue
cloud’ of galaxies that are actively forming stars (Baldry et al., 2004).

Colouris also closely tied to environment and galaxy density. In high-density regions such as
galaxy clusters, the red sequence dominates (Hogg et al., 2003). Pre-processing may redden
of galaxies in groups by quenching star-formation through mechanisms such as strangula-
tion and evaporation, which reduce the quantity of gas available to form stars (Fujita, 2004).
In addition, recent studies found evidence for an enhanced red fraction (Kraljic et al., 2017;
Chen et al., 2017), redder colour (Laigle et al., 2017; Kuutma et al., 2017; Luber et al., 2019)
and an increased fraction of passive (i.e. non star-forming) galaxies) close to filaments (Kraljic
et al., 2017; Malavasi et al., 2017; Sarron et al., 2019; Laigle et al., 2017). This suggests that
guenching mechanisms may be at play within filaments.

To isolate the effect of filaments on colour and compare to Kraljic et al. (2017), the median
colour with respect to distance to filament, when node galaxies are removed, is examined.
Kraljic et al. (2017) found an increase in non-star forming galaxies or a reddening of galaxies,
indicative of quenching. Figure 5.5 shows the median colour vs distance to filament (D)
when the contribution of nodes is removed, in bins of stellar mass described in Chapter 4 to
control for the mass-dependence. The low mass subsample shows no difference in median
u-r colour when node galaxies are removed. The median colour for intermediate mass galax-
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Figure 5.5: The median u-r colour vs distance to filament when galaxies within 3.5 Mpc from
nodes are removed is shown for low mass galaxies (cyan), intermediate mass galaxies (lime)
and high mass galaxies (brown). For comparison, the blue, green and orange lines indicate
the median u-r colour vs distance to filament when galaxies close to nodes are not removed.
The uncertainty on the median colour is plotted using errorbars for the samples when node
galaxies are included for comparison. The right-hand panel shows the distributions for O
Mpc < Dgea < 4 Mpc to highlight the behaviour at small distances.

ies is also unaffected when node galaxies are removed, except in the lowest distance bin.
The median colour for the high mass subsample is lower (i.e. galaxies are bluer) when node
galaxies are removed, indicating that nodes contribute to reddening. The result is only in
partial agreement with Kraljic et al. (2017) since a statistically significant decrease in colour
is only found for low mass galaxies while Kraljic et al. (2017) identified trends in colour at
higher masses (log M,/M,> 9.92). However, as shown in Section 4.2.3, this trend may be
additionally influenced by groups which do not occur at the nodes.

Using data from the CHILES survey, Luber et al. (2019) found that NUV - r colour decreased
with increasing distance from the nearest critical point (D). Figure 5.6 shows the average
u - r colour vs distance to nearest critical point for galaxies in RESOLVE. Similarly to the
results for stellar mass, the average colour is ‘smoothed out’ when D, is used. However,
the overall trends in colour are unaffected by the change in distance metric. The decrease in
colour in the low-mass subsample is likely due to the effect of groups, as shown in Section
4.2.3.

Overall, although reddening in colour for galaxies closer to filaments is observed throughout
the literature (Kraljic et al., 2017; Luber et al., 2019; Kuutma et al., 2017; Chen et al., 2017),
the same trend is not seen in this work after accounting for nodes.
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Figure 5.6: The average colour vs distance to nearest critical point and distance to filament

in Mpc, in bins of mass, is shown. High mass galaxies are shown as brown (D.,,) and or-

ange (D) lines. Intermediate mass galaxies are shown in green (Dg1) and lime (D). The

low mass galaxies are shown in blue (Dg) and cyan (D.,).The right-hand panel shows the
distributions for 0 Mpc < D.,,/ Dy < 4 Mpc to highlight the behaviour at small distances.

5.3 Gas Fraction

While trends in colour and stellar mass with respect to filaments have been well-established,
understanding the role of filaments on the gas content of galaxies requires more investiga-
tion. Tidal Torque Theory predicts that high stellar mass galaxies will have perpendicular
spin (angular momentum), while low stellar mass galaxies are spin aligned to their host fil-
ament (Porciani et al., 2002; Codis et al., 2015). Laigle et al. (2017) suggests that this spin
alignment allows low stellar mass galaxies to accrete cold gas efficiently at the ‘vorticity-rich’
outskirts of filaments. This stellar mass-dependent spin alignment has been observed by
Welker et al. (2019) for galaxies with stellar masses below the 10.4 < log M, /M < 10.9 ‘tran-
sition mass’ range (where galaxies transition from being spin-aligned to spin-perpendicular
to filaments) and was later also observed by (Blue Bird et al., 2020) using observations from
the CHILES survey. Using the SIMBA simulations, Kraljic et al. (2020) found that galax-
ies with high HI mass (log My;/M> 9.5) were spin-aligned with their host filaments and
galaxies with low HI mass (log My;/M < 9.5) were spin-perpendicular to filaments, further
implying that spin alignment and gas accretion are linked. Additionally, when examining gas
refuelling and the resultant star formation properties of galaxies, independent of the cosmic
web environment, Kannappan et al. (2013) showed that the low stellar mass, gas-richness
threshold corresponds to an accretion-dominated refuelling regime, where galaxies grow
through gas accretion.

Observationally, Kleiner et al. (2016) observed that high mass ( log M,/M.> 11) galaxies
close to filaments (with Dg.< 0.7 Mpc) had higher gas fractions than their control sample
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with Dg.1> 5 Mpc. They interpreted this as possible HI cold accretion by massive galaxies
from filaments. The RESOLVE-A sample contains only 15 galaxies with log M,/M.> 11.
Within this mass range, only 11 galaxies lie within D, < 0.7 Mpc, with the remaining 4
galaxies at Dg.i< 2.5 Mpc. Although this is not directly comparable to Kleiner et al. (2016)
due to the limited statistics at this mass range, the highest stellar mass bin used in this work
(log M, /M> 10.5) does not show a trend in gas fraction with distance to filament. However,
in the CHILES survey, Luber et al. (2019) predicted that the gas fraction for galaxies would
decrease close to filaments and Blue Bird et al. (2020), using a sample of 10 galaxies, found
that galaxies had higher HI masses further away from filaments, but found no increase in
gas fraction within their small sample.

Additionally, Odekon et al. (2018) found that at fixed stellar masses and colour, filament
galaxies, with 8.5 < log M, /M. < 10.5, are more HI deficient than non-filament galaxies.
They suggest a scenario where galaxies enter filaments and are cut off from their gas supply,
resulting in the observed HI deficiencies and later redden as star formation is quenched. This
is in agreement with the Cosmic Web Detachment model (Aragon Calvo et al., 2019), which
describes how galaxies are quenched after being detached from the cosmic web.

Although Odekon et al. (2018) detect a decrease in the gas content of galaxies and Kleiner
et al. (2016) detect an increase in the gas content of galaxies due to the cosmic web, these
changes are observed in different stellar mass regimes. One interpretation of this is that
galaxies with very high stellar masses may have enough gravitational potential to funnel gas
from the cosmic web (Kleiner et al., 2016), while low mass galaxies are more susceptible to
ram-pressure stripping within filaments (Benitez-Llambay et al., 2013).

Stark et al. (2016) examined the gas properties of galaxies in the RESOLVE survey. They
found that the fraction of gas-poor, central galaxies increased with large scale structure
density. Their work suggested that the cosmic web may be influencing the gas properties
of galaxies, but required more investigation.

Because the RESOLVE survey has a high level of completeness and extensive HI data, it is
possible to study the effect of the cosmic web on gas fraction in detail. The large sample size
is sufficient for examining trends in separate bins of stellar mass. Additionally, the inclusion
of a group catalogue ensures that trends due to group environments can be disentangled
from trends due to cosmic web filaments. As shown in Section 4.2.4 and Figure 4.10, the gas
fraction for galaxies in RESOLVE-A increases when the distance to filament increases for
low-mass, single and paired galaxies. Galaxies in groups are closer to filaments and more Hl
deficient than galaxies further away. Group galaxies have, on average, lower gas fractions
than single and paired galaxies.

Figure 5.7 shows the average gas fraction vs distance to critical point (D) and distance to
filament (D), in bins of stellar mass, in comparison to Luber et al. (2019) and Blue Bird
et al. (2020), which included galaxies with 7.5 < log M, /M. < 11.5. This figure shows that
when D, is used the average gas fraction shows the same trends as in Figure 4.10 - the gas
fraction increases as distance to critical point increases for low-mass galaxies and shows
little variation with distance for the intermediate and high mass samples.

There are several ways of interpreting the change in gas fraction with distance to filament
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Figure 5.7: The average gas fraction vs distance to nearest critical point and distance to
filament in Mpc, in bins of mass, is shown. High mass galaxies are shown as brown (D)
and orange (D) lines. Intermediate mass galaxies are shown in green (Dgy.;) and lime (D).
The low mass galaxies are shown in blue (Dg) and cyan (D.,,). The gas fraction is shown on
a log y-axis to emphasise the trends in the intermediate and high mass bins. Arrows indicate
galaxies where upper limit estimates are used to determine the gas fraction. The right-hand
panel shows the distributions for 0 Mpc < D,/ Dse1< 4 Mpc to highlight the behaviour at
small distances.
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for low-mass galaxies. As shown in Figure 4.20, the trends persist when group galaxies are
removed. The gas fraction for low mass galaxies increases as distance to filament increases,
indicating that galaxies are less gas-rich close to or within filaments. This may suggest that
these low-mass galaxies are cut-off from their primordial gas supply once they enter fil-
aments, as suggested by Cosmic Web Detachment (Aragon Calvo et al., 2019). Similarly,
Cosmic Web Stripping, which was identified in simulations by Benitez-Llambay et al. (2013),
is a process which removes gas from low-mass, dwarf galaxies through ram-pressure as they
interact with cosmic web filaments.

While one would expect a subsequent change in colour, due to star formation quenching,
corresponding to this cut-off, there may be a delay between the cut-off in gas supply and
change in colour, particularly for low-mass galaxies which may be gas-rich enough to con-
tinue star formation.

Because this increase in gas fraction in Figure 4.20 ‘peaks’ at Dy~ 2 Mpc, another inter-
pretation is that 2-3 Mpc from the filament is close enough to the filament outskirts for
the low-mass galaxies to accrete gas from the filaments, resulting in a peak in average gas
fraction within this distance range. This could be investigated by examining if these galaxies
are spin-aligned with the filaments, which is beyond the scope of this project. However, a
large sample at higher distances from filaments is needed to fully determine how this trend
continues. Alternatively, a combination of these effects, along with the effects described
in Stark et al. (2016) such as fly-by and ‘splash-back’ interactions between groups, where
galaxies enter larger haloes and are stripped of their gas before being ejected, may be con-
tributing to the overall trends in gas fraction.
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Chapter 6

Summary and Conclusion

Observational studies of galaxy properties and large scale structure are key to understand-
ing the role of the cosmic web and other environments on galaxy evolution. Previous studies
and theoretical predictions suggest that galaxies within cosmic web filaments have higher
stellar mass, redder colour and lower star formation rate than galaxies outside of filaments,
and follow the morphology-density relation (Dressler, 1980). However, there is still tension
in the literature with regards to the role of filaments on the gas properties of galaxies.

In this study, | took advantage of the high quality, complete data from the Resolved Spec-
troscopy Of a Local VolumE (RESOLVE) survey to examine the role of the cosmic web fila-
ments on the stellar mass, u-r colour and gas properties of galaxies in the RESOLVE-A field.
RESOLVE has extensive data on the gas, stellar and group properties of galaxies and covers
a total volume of ~50 000 Mpc3. This data-set is ideal for examining the role of cosmic web
filaments on the gas properties of galaxies.

While there are several approaches for identifying components of the cosmic web, in this
work, | used the Discrete Persistence Structures Extractor (DisPerSE). DisPerSE applies
topological techniques to identify robust cosmic web filaments and is well suited to observa-
tional survey data. The filaments identified with DisPerSE in the RESOLVE-A field matched
the galaxy distribution well.

To investigate the filament environment on galaxy properties compared to galaxies outside
filaments, | examined the stellar mass, u-r colour, HI deficiency and gas fraction with respect
to distance from filament and group environment in the RESOLVE-A field. My results are
as follows:

- The average stellar mass of galaxies close to filaments is higher than the average stellar
mass of galaxies further away from filaments. This trend is in agreement with the
literature (Laigle et al., 2017; Luber et al., 2019; Kraljic et al., 2017) and persists when
group galaxies are removed.

- When galaxy groups are removed there is no difference in u-r colour with respect
to proximity to filament for all bins in stellar mass. Galaxies belonging to groups are
redder than single + paired galaxies. Groups typically lie along filaments and may be
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responsible for driving trends in colour, even when accounting for stellar mass.

- Low mass galaxies (log M, /M, < 9.7) have lower gas fractions close to filaments on
average. When group galaxies are accounted for, the trend in average gas fraction
with distance to filament persists for low mass galaxies. This indicates that the filament
environment, in addition to the group environment, influences the gas content of low
mass galaxies.

Additionally, | examined the role of nodes, which are high density regions at the intersection
of filaments and found no changes in the observed trends. My results for the trends in colour
and gas fraction for low mass galaxies support the scenario where low-mass galaxies lose
some of their gas as they enter filaments, but remain gas-rich enough to continue forming
stars and thus do not express a change in colour. Additionally, there is no observed increase
in gas fraction for high mass galaxies, as was found in Kleiner et al. (2016). However, this
may be due to the limited sample of high mass galaxies in the RESOLVE-A field.

6.1 Future Outlook

There are several avenues for future work on this topic which may be explored beyond
this work. The spin properties of galaxies may be examined to provide further insight into
the question of gas accretion or quenching. The RESOLVE dataset would enable a study
of this broken down by mass which would enable comparison to various models. The halo
mass properties, along with the differences between central and satellite galaxies in groups,
could be studied as an extension of the work by Stark et al. (2016). Additionally, data from
the RESOLVE-B field and the Environmental COntext (ECO) catalogue (Moffett et al., 2015)
could be used to further examine the effects of the cosmic web on galaxy evolution prop-
erties by increasing the number of galaxies in the sample and including larger filaments and
other structures such as galaxy clusters.

The recently completed MeerKAT radio telescope is currently obtaining HI data for surveys
such as the Looking At the Distant Universe with the MeerKAT Array (LADUMA) survey
(Blyth et al., 2016) and the MeerKAT International GHz Tiered Extragalactic Exploration
(MIGHTEE) survey (Jarvis et al., 2017), which will provide an exciting opportunity to exam-
ine the role of HI gas in the universe. The filament finding techniques and galaxy property
analysis used in this work can be applied to data from these surveys to understand the
mechanisms which affect HI gas at higher redshifts.

Overall, this work showed that observational studies of cosmic web filaments are important
for understanding the mass assembly, morphological transformations and gas processes
responsible for galaxy evolution and that there is still more work to be done to identify the
different processes at work and how they affect galaxies in different mass regimes.
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Appendix A

Data Tables

This appendix contains tables showing the number of bins, number of galaxies per bin and
the bin median values for each plot in Chapter 4.

Table A.1: Log stellar mass in bins of distance to filament, as shown in Figure 4.4. The bin
number, distance of the bin, the median log stellar mass, the lower and upper 10 confidence
intervals and the number of galaxies in each bin are shown.

Bin Dskel Med. Cllow C|up Ngal
0.02 9.87 9.81 9.91 127
0.18 9.59 9.47 9.69 127
0.44 943 9.35 9.49 127
0.84 9.23 9.13 9.31 127
1.44 9.33 9.29 9.39 127
2.34 9.37 9.17 9.49 127
448 9.24 9.17 9.36 126

NO UL Wi -
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Table A.2: The u-r colour by mass, in bins of distance to filament, as shown in Figure 4.7 for low
mass (first column), intermediate mass (second column) and high mass (third column) galaxies. The bin
number, distance of the bin, the median u - r colour, the lower and upper 1o confidence intervals and
the number of galaxies in each bin are shown.

log (M, /Mg) < 9.7 9.7 <log (M,/M;) < 10.5 log (M, /Mg) > 10.5)
in Dskel Med. Cl]ow Clup Ngal Dskel Med. Cllow Clup Ngal Dskel Med. Cl]ow Clup Ngal
0.11 1.133 1.107 1.187 107|0.03 1.791 1.582 1.938 66 |0.01 2.208 2.081 2.246 25
0.47 1.098 1.073 1.123 107|0.37 1.543 1.506 1.612 66 |0.13 2.122 2.075 2.219 25
1.03 1.078 1.058 1.089 107|1.35 1.442 1.413 1.558 66 |0.68 2.129 1.984 2.230 25
1.91 1.096 1.064 1.123 107|3.03 1.448 1.426 1.542 64 |2.21 2.118 1.976 2.206 21
4.03 1.061 1.044 1.094 102

G bhWNRPRm

Table A.3: Gas fraction by mass, in bins of distance to filament, as shown in Figure 4.10 for low mass
(first column), intermediate mass (second column) and high mass (third column) galaxies. The bin num-
ber, distance of the bin, the median gas fraction, the lower and upper 10 confidence intervals and the
number of galaxies in each bin are shown.

log (M,/Mgy) < 9.7 9.7 <log (M,/Mg) < 10.5 log (M,/My) > 10.5)
in Dskel Med. CI]OW Clup Ngal Dskel Med. Cllow Clup Ngal Dskel Med. CI]OW Clup Ngal
0.11 1.65 1.31 1.82 107|0.03 0.08 0.06 0.13 66 [0.01 0.02 0.02 0.04 25
047 2.36 2.08 2.74 107|0.37 0.19 0.15 0.22 66 |0.13 0.02 0.02 0.02 25
1.03 2.36 2.10 3.09 107|1.35 0.21 0.15 0.26 66 |0.68 0.03 0.02 0.03 25
1.91 287 2.12 3.41 107/3.03 0.17 0.13 0.19 64 |2.21 0.03 0.02 0.05 21
4.03 3.07 2.65 3.19 102

P WNRR @
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Table A.4: Log stellar mass in bins of distance to filament, for galaxies in groups (left column)
and singles + pairs (right column), as shown in Figure 4.14. The bin number, distance of
the bin, the median log stellar mass, the lower and upper 10 confidence intervals and the
number of galaxies in each bin are shown.

Groups Singles + Pairs
Bin Dskel Med. Cl]ow Clup Ngal Dskel Med. Cl]ow Clup Ngal
1 |0.00 10.19 10.09 10.31 51 |0.22 9.56 9.47 9.65 172
2 1009 9.69 9.61 9.77 51 |0.73 9.20 9.13 9.25 172
3 |0.29 983 9.67 10.01 51 |1.61 9.33 9.29 9.37 172
4 1220 9.74 9.55 994 48 348 9.17 9.13 9.27 171

Table A.5: The u - r colour in bins of distance to filament, for galaxies in groups (left column)
and singles + pairs (right column), as shown in Figure 4.16. The bin number, distance of the
bin, the median u - r colour, the lower and upper 1o confidence intervals and the number
of galaxies in each bin are shown.

Groups Singles + Pairs
Bin Dskel Med. Cllow Clup Ngal Dskel Med. Cl]ow Clup Ngal
1 |0.00 1.983 1.844 2.131 51 [0.22 1.228 1.192 1.248 172
2 |0.09 2053 1.997 2.082 51 |0.73 1.136 1.114 1.158 172
3 10.29 1.525 1.514 1.690 51 |1.61 1.166 1.144 1.191 172
4 1220 1.515 1.281 1.779 48 [3.48 1.163 1.132 1.186 171
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Table A.6: Gas fraction in bins of distance to filament, for galaxies in groups (left panel) and
singles + pairs (right column), as shown in Figure 4.19. The bin number, distance of the bin,
the median gas fraction, the lower and upper 1o confidence intervals and the number of
galaxies in each bin are shown.

Groups Singles + Pairs
Bin Dskel Med. C|10W C|up Ngal Dskel Med. Cllow Clup Ngal
1 |0.00 0.05 0.04 0.06 51 |0.22 0.76 0.67 0.99 172
2 |0.09 0.05 0.04 0.26 51 |0.73 1.43 1.23 1.66 172
3 ]0.29 0.19 0.13 0.22 51 |1.61 0.91 0.73 1.12 172
4 (220 0.26 0.19 0.53 48 [3.48 143 1.17 1.58 171

78



Table A.7: The u - r colour in bins of distance to filament, for galaxies in groups (upper table) and singles
+ pairs (lower table), as shown in Figure 4.17, for low mass (first column), intermediate mass (second
column) and high mass (third column) galaxies. The bin number, distance of the bin, the median u - r
colour, the lower and upper 1o confidence intervals and the number of galaxies in each bin are shown.

log (M, /Mg) < 9.7 9.7 <log (M,/Mg) < 10.5 log (M, /Mg) > 10.5)
Bin Dskel Med. Cl]ow Clup Ngal Dskel Med. Cl]ow Clup Ngal Dskel Med. C|10W Clup Ngal
0.05 1.556 1.315 1.840 22 |0.00 1.807 1.678 1.969 18 |0.00 2.223 2.058 2.246 12
0.13 1.233 1.067 1.270 22 |0.08 2.171 2.118 2.218 18 |0.03 2.239 2.191 2.256 12
0.38 1.304 1.252 1.400 22 |0.19 1.716 1.568 1.931 18 |0.19 2.125 2.003 2.219 12
2.60 1.124 1.040 1.147 18 |2.26 1.782 1.515 2.016 16 |1.55 2.270 2.206 2.313 11

A OWONBR

0.22 1.096 1.075 1.125 90 |0.16 1.455 1.398 1.562 49 |0.10 1.725 1.341 1.813 13
0.62 1.064 1.040 1.075 90 |0.68 1.416 1.281 1.432 49 |0.52 2.129 1.783 2.230 13
1.20 1.102 1.080 1.137 90 |1.59 1.411 1.363 1.521 49 [1.21 1.794 1.669 1.986 13
2.07 1.060 1.054 1.072 90 [3.45 1.481 1.423 1.606 45 |3.78 1.920 1.870 2.251 10
4.14 1.074 1.045 1.101 86

b wWNR

Table A.8: Gas fraction in bins of distance to filament, for galaxies in groups (upper table) and singles
+ pairs (lower table), as shown in Figure 4.20, for low mass (first column), intermediate mass (second
column) and high mass (third column) galaxies. The bin number, distance of the bin, the gas fraction,
the lower and upper 1o confidence intervals and the number of galaxies in each bin are shown.

log (M,/Mg) < 9.7 9.7 <log (M,/Mg) < 10.5 log (M,/Mg) > 10.5)
Bin Dskel Med. Cl]ow Clup Ngal Dskel Med. Cllow C|up Ngal Dskel Med. C|10W Clup Ngal
0.05 0.42 0.26 0.87 22 |0.00 0.06 0.05 0.08 18 |0.00 0.02 0.01 0.02 12
0.13 1.28 0.90 1.79 22 |0.08 0.04 0.03 0.04 18 |0.03 0.02 0.01 0.02 12
0.38 0.57 0.35 0.74 22 |0.19 0.14 0.07 0.18 18 |0.19 0.02 0.02 0.03 12
2.60 1.48 1.30 1.85 18 |2.26 0.18 0.14 0.21 16 |1.55 0.02 0.01 0.02 11

AOWONBR

0.22 2.31 1.89 296 90 |0.16 0.22 0.15 0.36 49 |0.10 0.08 0.05 0.11 13
0.62 2.51 2.29 2.98 90 |0.68 0.28 0.22 0.36 49 |0.52 0.03 0.02 0.04 13
1.20 2.31 1.98 3.15 90 |1.59 0.21 0.15 0.27 49 |1.21 0.08 0.03 0.14 13
2.07 3.14 212 3.69 90 [3.45 0.13 0.09 0.17 45 |3.78 0.04 0.03 0.06 10
4.14 3.19 2.96 3.57 86

apbhwONRE
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Appendix B

Spearman’s Rank Test

The Spearman’s Rank Correlation coefficient (r;) (Spearman, 1904) is used to assess the
strength and statistical significance of trends. This test determines if two variables are
monotonically increasing or decreasing by ranking the variables and comparing their rank.
The scipy spearmanr function is used in this work to calculate r,.

For small numbers of n (i.e. the number of observations), statistical significance can be
determined by comparing r, to a corresponding critical value (r.;). In this case, a non-
directional null hypothesis is assumed, (i.e. Hy: p, = 0 and there is no trend in the data)
and H, can be rejected if |r,| > r... The degrees of freedom are calculated as n - 2 and
the corresponding critical values for an o = 0.01 significance level, from Weathington et al.
(2012) is shown in Table B.1.

Table B.1: spearman rank test critical values for N and N - 2 degrees of freedom from Weath-
ington et al. (2012)

N Ndof s at a0 = 0.1
4 | 2 1.00
5| 3 0.900
6| 4 0.829
71 5 0.714
8| 6 0.643
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