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A B S T R A C T 

Galaxy environment plays an important role in driving the transformation of galaxies from blue and star forming to red and 

quenched. Recent works have focused on the role of cosmic web filaments in galaxy evolution and have suggested that stellar 
mass se gre gation, quenching of star formation, and gas-stripping may occur within filaments. We study the relationship between 

distance to filament and the stellar mass, colour, and H I gas content of galaxies using data from the REsolved Spectroscopy of 
a Local VolumE surv e y and Environmental COntext (ECO) catalogue, two overlapping census-style, volume-complete surveys. 
We use the Discrete Persistence Structures Extractor to identify cosmic web filaments o v er the full ECO area. We find that 
galaxies close to filaments have higher stellar masses, in agreement with previous results. Controlling for stellar mass, we find 

that galaxies also have redder colours and are more gas poor closer to filaments. When accounting for group membership and 

halo mass, we find that these trends in colour and gas content are dominated by the increasing pre v alence of galaxy group 

environments close to filaments, particularly for high-halo mass and low-stellar mass galaxies. Filaments have an additional 
small effect on the gas content of galaxies in low-mass haloes, possibly due to cosmic web stripping. 

K ey words: galaxies: e volution – galaxies: groups: general – (cosmology:) large-scale structure of Universe. 
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 I N T RO D U C T I O N  

arly wide-field spectroscopic galaxy surv e ys (e.g. Colless et al. 
001 ; Jones et al. 2004 ; Eisenstein et al. 2011 ) revealed that galaxies
orm an intricate, large-scale network of massive superclusters 
onnected by filamentary structures, surrounding near-empty voids, 
nown as the Cosmic Web (e.g. de Lapparent, Geller & Huchra 
986 ; Bond, Kofman & Pogosyan 1996 ). In the standard model of
osmology, the large-scale structure observed today is a consequence 
f two mechanisms (Bond, Kofman & Pogosyan 1996 ): fluctuations 
n the initial matter density field shortly after the big bang, and
ierarchical structure formation. 
The environment in which galaxies are located affects their 

volution. Elliptical and S0 galaxies are more abundant in dense 
egions such as clusters, while spiral and irregular galaxies dominate 
he population in low-density regions (morphology–density relation; 
ressler 1980 ). In dense cluster environments, various processes 

mpact the star formation properties and morphologies of galaxies. 
 or e xample, ram-pressure stripping (Gunn & Gott 1972 ), where
old gas from the disc is remo v ed as a galaxy falls through the
ot, dense intra-cluster medium, harassment, either through tidal 
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nteractions with neighbouring galaxies or the cluster itself, and 
alaxy mergers can result in quenching of star formation as well as
orphological disruptions. Strangulation (Balogh & Morris 2000 ; 
alogh, Navarro & Morris 2000 ), where the extended halo gas

eservoir is remo v ed as a galaxy falls into a cluster, also leads to
edder, more passive cluster populations compared to bluer, star- 
orming field galaxies. 

While observational studies have typically concentrated on galaxy 
lusters and groups as environments that drive galaxy evolution, 
ecent work has suggested that galaxy properties can be affected 
ue to their location inside, or close to, cosmic web filaments.
onnan, Tojeiro & Kraljic ( 2022 ) described two pathways for the

osmic web to influence the properties of galaxies: by affecting 
he growth of their haloes, or by affecting the gas content of 
alaxies. 

One of the most consistent trends within the literature is that
he stellar mass of galaxies in filaments is typically higher than
alaxies outside of filaments (Chen et al. 2017 ; Malavasi et al.
017 ; Laigle et al. 2018 ; Luber et al. 2019 ). Kuutma, Tamm &
empel ( 2017 ) found an increase in the fraction of early-type galaxies
lose to filaments. Additionally, Santiago-Bautista et al. ( 2020 ) 
ound an increase in the elliptical to spiral ratio close to filaments,
ndicating that filaments – as intermediate density regions – follow 

he morphology–density relation. 
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Previous studies found that galaxies were redder within filaments
ompared to galaxies outside of filaments (e.g. Chen et al. 2017 ;
uutma, Tamm & Tempel 2017 ; Kraljic et al. 2018 ; Luber et al.
019 ). Kuutma, Tamm & Tempel ( 2017 ) and Kraljic et al. ( 2018 )
ound that these redder colours corresponded to a decrease in the
pecific star formation rates for galaxies in filaments. Additionally,
ncreases in the fraction of passive (i.e. non-star-forming) galaxies
ithin filaments were found, indicative of quenching due to the
laments (Kraljic et al. 2018 ; Sarron et al. 2019 ; Blue Bird et al.
020 ). Evidence of lower specific star formation rates (sSFR) and
igher stellar metallicity was also found for central galaxies in
laments, suggesting that filaments play a role in quenching (e.g.
raljic et al. 2018 ; Winkel et al. 2021 ; Donnan, Tojeiro & Kraljic
022 ). 
While several studies have examined the stellar properties of

alaxies in filaments, more observations are needed to understand
he gas properties of filament galaxies. Kleiner et al. ( 2016 ) showed
hat galaxies with log ( M � /M �) > 11 had higher H I masses within fil-
ments compared to galaxies in a control sample outside of filaments,
hen correcting for density, which they attributed to gas accretion

rom filaments. Ho we v er, using data from the Areccibo Le gac y F ast
LFLA (ALF ALF A) surv e y (Gio vanelli et al. 2005 ), Crone Odekon

t al. ( 2018 ) found that in a lower mass regime (8.5 < log ( M � /M �)
 10.5), galaxies lose H I gas as they enter filaments and redden as

hey are quenched, seemingly in tension with the result by Kleiner
t al. ( 2016 ). In the Simba simulations (Dav ́e et al. 2019 ), Bulichi,
ave & Kraljic ( 2023 ) found that cold gas is suppressed close to
laments, but that the complexity of associating H I with particular
alaxies in dense environments requires further investigation. Using
reliminary observations from the Cosmos HI Large Extragalactic
urv e y (CHILES) and photometric H I estimations, Luber et al.
 2019 ) and Blue Bird et al. ( 2020 ) suggest that the gas fractions of
alaxies may increase away from filaments. Ho we ver, the dif fering
ass ranges between the studies on the gas content of galaxies with

espect to filaments may suggest that stellar mass affects whether
alaxies replenish or lose gas from the cosmic web (Crone Odekon
t al. 2018 ). 

Observing the spin-alignment of galaxies with respect to nearby
laments is important for studies testing the Tidal Torque Theory
Hoyle 1949 ; Peebles 1969 ; Doroshkevich 1970 ; White 1984 ) and
ts role in gas accretion for galaxies (Laigle et al. 2015 , 2018 ). The
pin alignment (or mis-alignment) of galaxies is mass dependent and
ay allow galaxies to accrete gas from the cosmic web, as shown

y simulations (Laigle et al. 2015 , 2018 ; Kraljic, Dav ́e & Pichon
020 ). This alignment has been observed with varying results (see
empel & Libeskind 2013 ; Tempel, Stoica & Saar 2013 ; Welker
t al. 2019 ; Blue Bird et al. 2020 ; Barsanti et al. 2022 ). This is
mportant for tracing mergers and their subsequent effect on changing
he angular momentum of galaxies. More recent work using a small
ample of galaxies from the MeerKAT International Gigahertz Tiered
xtragalactic Exploration-HI (MIGHTEE- H I ) (Jarvis et al. 2017 )
urv e y found that galaxies with low-gas fractions [log ( M H I /M � )
 0.11] are more likely to have their spin aligned with cosmic
eb filaments than galaxies with higher gas fractions (Tudorache

t al. 2022 ). Ho we ver, results from simulations suggest that lo w-
alo mass galaxies may be subject to ‘cosmic web stripping’, where
he ram-pressure of the filament environment o v ercomes the lower
inding energy of the haloes and remo v es gas from galaxies (Ben ́ıtez-
lambay et al. 2013 ; Thompson, Smith & Kraljic 2022 ). 
While the spin and gas properties are related, more observations

re needed to understand the complex processes that affect the gas
ontent and refuelling of galaxies with respect to their location in
NRAS 528, 4139–4159 (2024) 
he cosmic web. It is important to note that few of the studies of
alaxy evolution in filaments distinguish between filaments and
alaxy groups, which may be embedded in filaments and drive
imilar observational trends. Groups are known sites of star formation
uenching (Peng et al. 2010 ; Cluver et al. 2020 ). This may lead
o ‘pre-processing’ of galaxies, where quenching, reddening, and
orphological changes occur in groups as the y trav el along filaments

efore entering the cluster environment (Fujita 2004 ; Sarron et al.
019 ). Further, Song et al. ( 2021 ) found that the host halo of a galaxy
s primarily responsible for driving trends in galaxy properties close
o filaments, with secondary effects due to the filaments themselves.
n outstanding question is: are the observed properties of galaxies

n filaments a result of their group membership and halo properties,
r due to the filament environment and its associated processes? 
In this paper, using data from the REsolved Spectroscopy Of a

ocal Volume (RESOLVE; Kannappan & Wei 2008 ; Eckert et al.
015 ; Stark et al. 2016 ) surv e y and Environmental COntext (ECO;
offett et al. 2015 ) catalogue, we identify cosmic web filaments

n the local Universe and investigate the properties of galaxies with
espect to their proximity to filaments. The multiwavelength data and
alue-added catalogues from RESOLVE and ECO enable us to study
he distributions of stellar mass, colour, and M H I / M � gas fractions
G/S) of galaxies down to the ECO baryonic mass completeness
imit. This data set allows us to take into account the membership of
alaxies to groups or clusters as we aim to disentangle the effects of
he filament environment on galaxy evolution. 

Throughout this work, the standard � cold dark matter model
s assumed with �M 

= 0.3, �� 

= 0.7, and H 0 = 70 km 

−1 s −1 

pc −1 . Section 2 provides an o v erview of the data used in this project
rom RESOLVE and ECO. Section 3 provides an overview of the
rocess used to detect filaments. The analysis of galaxy properties
ith respect to filaments and the results are presented in Section 4 .
inally, Section 5 discusses the results in context and the summary,
onclusion, and outlook for future work are presented in Section 6 . 

 DATA  

.1 RESOLVE and ECO 

he analysis of galaxy properties with respect to filaments in this
aper uses observational data from the RESOLVE surv e y (Kan-
appan & Wei 2008 ; Eckert et al. 2015 ; Stark et al. 2016 ) and
CO catalogue (Moffett et al. 2015 ; Eckert et al. 2016 ) and with
pdates described in Hutchens et al. ( 2023 ). RESOLVE is a volume-
imited census of the local universe which is highly complete down
o low-mass, gas-rich galaxies ( M bary ∼ 10 9.1 –10 9.3 M �), where M bary 

 ( M � + 1.4 M H I ). RESOLVE-A spans 131.25 ◦ < R.A. < 236.25 ◦,
 

◦ < Dec. < 5 ◦, and 4500 km s −1 < cz < 7000 km s −1 . ECO
ncompasses a larger field at 130.05 ◦ < R.A. < 237.45 ◦ and −1 ◦

 Dec. < + 49.85 ◦, with galaxy velocities 4500 km s −1 < cz <
000 km s −1 , spanning a volume greater than 400 000 Mpc 3 . ECO
urrounds RESOLVE-A, which contains galaxies with velocities
530 km s −1 < cz < 7470 km s −1 , forming a 1 Mpc buffer around it.
ig. 1 shows the sky distribution of galaxies in ECO and RESOLVE-
. Both ECO and RESOLVE are accompanied by comprehensive
roup catalogues (Eckert et al. 2016 ; Eckert et al. 2017 ) which
llow the three-dimensional positions of galaxies to be corrected for
edshift space distortions. In this study, we use ECO-DR3 (Hutchens
t al. 2023 ), which contains the RESOLVE-A field and all data
herein. 
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Figure 1. The distribution of galaxies in the ECO surv e y (gre y) in comparison to the RESOLVE-A surv e y (red) in the lower half of the figure . RESOLVE-A 

groups fall within 4500 km s −1 < cz < 7000 km s −1 .. This figure only shows galaxies which belong to the baryonic mass selected sample. Note that ECO spans 
a larger range of redshifts than RESOLVE, with group velocities of 2530 km s −1 < cz < 7470 km s −1 . 
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.2 Spectr oscopic r edshifts 

he ECO DR3 catalogue update (Hutchens et al. 2023 ) includes 
edshifts compiled from the Sloan Digital Sky Survey (SDSS; York 
t al. 2000 ; Alam et al. 2015 ), HyperLEDA (Paturel, G. et al.
003 ), Galaxy Mass And Assebly (GAMA; Driver et al. 2011 ), 2dF
Colless et al. 2001 ), 6dF (Jones et al. 2004 ), and RESOLVE’s own
bservations. The spectroscopic redshifts are crucial for measuring 
ccurate galaxy positions for 3D filament finding. 

.3 Photometric data 

he data for ECO and RESOLVE were reprocessed using custom 

ipelines for consistency in the galaxy properties, as described 
y Moffett et al. ( 2015 ) and Eckert et al. ( 2016 ). The RESOLVE
hotometric data and deri v ation of galaxy properties are discussed
n Eckert et al. ( 2015 ). Because RESOLVE-A lies within ECO, the
ESOLVE galaxy properties are used for galaxies in the o v erlapping
rea. We use galaxy u–r colours, r -band magnitudes, stellar masses,
alo masses, and H I gas masses for this analysis. The stellar masses
nd u–r colours are derived from Spectral Energy Distribution (SED) 
odelling and have external extinction and k -corrections applied. 
he modelling and thus the stellar mass incorporates internal extinc- 

ion corrections, but we use colours only corrected for foreground 
xtinction for consistency with other observational studies. 

The sample for this work is drawn from the ECO volume, including
ESOLVE-A, and is baryonic-mass selected and complete to log 
 M bar /M �) > 9.3. The choice of baryonic mass allows us to probe
alaxies which may have low-stellar masses but high-gas richness 
nd follo ws pre vious work in RESOLVE such as Stark et al. ( 2016 ).
n total, the sample consists of ∼9612 galaxies. 

.4 H I data 

 deeper census of the gas content of galaxies in the RESOLVE
urv e y volume was conducted by Stark et al. ( 2016 ), who compiled
xisting ALF ALF A data (Giovanelli et al. 2005 ) and H I measure-
ents from other sources, as well as completed dedicated observing 

ampaigns on the Robert C. Byrd Green Bank Telescope and Arecibo 
elescope. Value added data such as upper limit estimates and 
onfusion flags were added by the RESOLVE and ECO teams (Stark
t al. 2016 ; Hutchens et al. 2023 ). In this work, the ALF ALF A
 I observations are from the ALF ALF A-100 surv e y (Haynes et al.
018 ) which was cross-matched with ECO galaxies as part of ECO
R3 (see Hutchens et al. 2023 ). ECO measurements within the
ESOLVE-A volume are substituted with their RESOLVE values 

rom Stark et al. ( 2016 ) where available. Photometric gas fraction
stimates are used where direct, high signal-to-noise (S/N > 5) de-
ections were unavailable and for highly confused H I measurements. 
hotometric gas fractions are calculated using an updated version of 

he tight correlation between observed galaxy colour and gas fraction 
Kannappan 2004 ). This technique uses the correlation between u–
 SED modelled colour and log ( M H I / M � ) for galaxies with well
onstrained H I measurements, taking into account the b / a axis ratio,
o predict the gas fraction using photometric parameters (Eckert et al.
015 ). This corresponds to the logmgas column within the ECO
R3 catalogue. 

.5 Groups 

he galaxy groups used in this study are drawn from ECO DR3
Hutchens et al. 2023 ) using the group finding methodology origi-
ally described in Eckert et al. ( 2017 ). 
Hutchens et al. ( 2023 ) produced two group catalogues for the

CO surv e y: an updated Friends-of-Friends (FOF) catalogue based 
n Eckert et al. ( 2017 ), and a no v el ‘G3’ group catalogue which
dentified groups by using giant galaxies as a basis (see Section 4.2 for
 discussion of our choice of group finding algorithm). In this work,
e use groups which are identified using the Friends-of-Friends 

echnique (Berlind et al. 2006 ) with a tangential linking length of
.07 and line-of-sight linking length of 1.1 (Duarte & Mamon 2014 ;
ckert et al. 2017 ), followed by a procedure to split false FOF pairs.
alo masses are calculated using abundance matching techniques 

n Eckert et al. ( 2017 ) and the brightest galaxy in each group is
esignated as its central galaxy. 

 M E T H O D  

n this paper, we use the Discrete Persistence Structures Extractor 
DisPerSE; Sousbie 2011 ; Sousbie, Pichon & Kawahara 2011 ) to
dentify cosmic web filaments in the ECO field. DisPerSE can 
e applied to observational galaxy position data. However, the 
edshift or recessional velocity data may be subject to redshift space
MNRAS 528, 4139–4159 (2024) 
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M

Figure 2. Illustration of the difference between the D cp , parameter (dashed 
line), which shows the distance to the nearest critical point, and the D skel (solid 
red line) parameter, which measures the perpendicular distance to the nearest 
filament segment. Critical points at the end points of filament segments are 
marked with solid circles and the filament segments are represented by the 
solid lines. 
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istortions (de Lapparent, Geller & Huchra 1986 ). This ‘Finger of
od’ effect is corrected by assigning the group velocity cz group to

ach galaxy, which ef fecti vely collapses the stretched out ‘fingers’. 
At low redshift, the distance R ≈ cz group (km s −1 )/ H 0 

km s −1 Mpc −1 ). Additionally, galaxy sky positions are converted
o comoving coordinates using the following transformations with
nits of megaparsecs (Mpc) from the observer: 

 = R sin (90 ◦ − Dec ) cos ( RA ); 

Y = R sin (90 ◦ − Dec ) sin ( RA ); 

Z = R cos (90 ◦ − Dec ) . (1) 

.1 DisPerSE 

isPerSE is a scale-free and parameter-free software that takes
dvantage of Discrete Morse Theory, which is a topological tool to
ap large-scale structure features, and Persistence Theory to measure

he robustness of identified features. DisPerSE uses the Delaunay
esselation Field Estimator to construct the density field of a galaxy
istribution. The software then applies Discrete Morse Theory to
onstruct the Morse–Smale Complex and identifies changes in
radient in the density field. By using a persistence threshold as
 measure of robustness, DisPerSE outputs the most robust large-
cale structure features such as filaments, voids, walls, and nodes.
ecause DisPerSE has these advantages and is widely used in studies
xamining the effect of the cosmic web on galaxy properties, it is
deal for this study. 

We selected to use the smooth boundary condition when e v aluat-
ng the density field using the Delaunay Tessellation Field Estimator
n 3D since this is the recommended option for distributions with
rregular shapes. The density field is used to determine the Morse–
male Complex and the filament ‘skeleton’ is then extracted. We
sed a 5 σ persistence threshold. 

.2 Calculating distance to filaments 

hen studying the effect of filaments on galaxy evolution, one useful
arameter is the distance from a galaxy to the nearest filament. In
revious studies using DisPerSE, this has been measured as the
istance to the nearest critical point, D cp (e.g. Luber et al. 2019 ;
lue Bird et al. 2020 ), or, alternatively, as the perpendicular distance

o the nearest filament segment or ‘skeleton’, ( D skel ) (see Kraljic et al.
018 ). These metrics are illustrated in the diagram in Fig. 2 . 
NRAS 528, 4139–4159 (2024) 
In our analysis our preferred parameter is D skel but we also
alculate D cp for each galaxy to enable comparison with other studies.

 RESULTS  

.1 The effect of filaments on galaxy properties 

o investigate the effects of the filament environment on galaxy
roperties, we examine trends in galaxy stellar mass, colour, and
 I gas content as a function of distance from filaments. Knowing

hat cluster and group environments affect galaxy properties and that
alaxy groups can be located along the filament backbones, we then
ttempt to distinguish between the effects caused by the filament
nd group environments by subdividing our sample into group and
on-group galaxies and comparing the properties of the subsamples
n different stellar mass bins. 

We present the filaments identified in the ECO field in Fig. 3 where
 , Y , Z refer to the comoving coordinates calculated as per equation
 1 ). Galaxies identified as ‘centrals’ are also shown in the figure by
he circles which are coloured and scaled by their halo masses. The
gure clearly shows how the filaments follow the spatial distribution
f the high-mass haloes. 
Galaxies are divided into bins by their distance to filament

 D skel ) such that each bin has an equal number of galaxies and we
alculate the median property in each D skel bin where applicable.
ncertainty bands are calculated using bootstrapping (1000 iter-

tions with replacement) to determine the 1 σ confidence interval
or each bin when median values are used i.e. when examin-
ng trends in stellar mass. The Spearman’s rank test is applied
o the trends in red fraction and gas-poor fraction to determine
heir strength and statistical significance. Trends are considered
tatistically significant if the p -value is p < 0.003 (more than
-sigma from null result). The p -values and correlation coeffi-
ients for trends in this section can be found in Table B1 in 
ppendix B . 

.1.1 Stellar mass 

tellar mass is one of the primary indicators of galaxy properties
Kauffmann et al. 2003 ; Alpaslan et al. 2015 ). ECO includes galaxies
cross a wide range of stellar masses, as shown in Fig. 4 . The
istogram shows the distribution of stellar masses for the sample,
ith the mean stellar mass of log ( M � /M �) = 9.61 indicated by

he solid line. The gas-richness threshold and bimodality scale,
hich divide the sample into low-, intermediate-, and high-stellar
ass subsamples (Kannappan et al. 2013 ) (see Section 4.1.2 for

etails), are shown with dot–dash and dashed lines, respectively.
he peak of this histogram is near the gas-richness threshold,

ndicating that most galaxies in this sample are likely to be
as-rich. 

In Fig. 5 , we present stellar mass versus distance to filament for
he ECO sample (grey points) with the median values o v erlaid in
lue. The coloured band indicates the 1 σ error on the median in each
in. The right panel shows the trend within 2.5 Mpc of filaments to
ore clearly display the behaviour at small distances. Note that the
 -axis also has a different scale in the right hand panel. 

The median stellar mass decreases by 0.5 dex within D skel = 2 Mpc
nd changes by ∼0.7 dex across the full distance range. We fit
 weighted linear function to the median log stellar mass versus
og D skel using scipy ’s curve fit. We find that the slope co-
fficient m = −0.095 is statistically different from zero at the 3 σ
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Figure 3. Filaments in ECO presented in slices along the Z -axis. The top panel shows the slice where Z < 30 Mpc. The middle panel shows 30 Mpc < Z < 50 
Mpc. The lower panel shows Z > 50 Mpc. Galaxies marked as ‘central’ are shown, colour-coded, and scaled by their log halo mass. Solid circles indicate the 
position of nodes. 

l
i
c
a

4

G
c

evel (uncertainty σ = 0.005). This indicates that the decrease 
n the median stellar mass is significant, suggesting that galaxies 
lose to filaments have higher stellar masses than those further 
way. 
.1.2 Colour 

alaxy colour is an indicator of star formation, quenching, dust 
ontent, and stellar age. High-density regions typically host a higher 
MNRAS 528, 4139–4159 (2024) 
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o  
raction of red, early-type galaxies than low-density regions (e.g.
ressler 1980 ). 
Kannappan et al. ( 2013 ) showed that galaxy populations can be

ivided into three scales related to their gas refuelling regime: the
accretion-dominated’ scale, below the gas richness threshold at log
 M � /M �) < 9.7 (see Dekel & Silk ( 1986 ), where quasi-bulgeless
alaxies are common and are refuelled by accreting gas; the ‘process-
ominated’ regime, where galaxies accerete gas at approximately the
ame rate at which it is used up by processes such as star formation;
nd the ‘quenched’ regime, which occurs abo v e the bimodality scale
log ( M � /M �) > 10.5] (Kauffmann et al. 2003 ), and consists of
lliptical or S0 galaxies. These scales are used in this study to divide
alaxies into stellar mass bins as they segregate galaxies by their type
nd depend on the gas refuelling regime of a galaxy, ensuring that
e can observe trends in galaxy properties due to their environment

ather than their stellar mass. We note that this primarily applies
o central galaxies within haloes; satellite galaxies may be subject
o quenching or refuelling dependent more on their halo properties
han their stellar mass. Ho we ver, this will be further explored in
ection 4.2 and Section 5.4 . Because the ECO sample contains a
ealth of low-stellar mass galaxies, we further divide the sample
elow the gas-richness threshold such that galaxies with log M � /M �
 9.0 are considered ‘ultradwarf’. Although there is no clearly

efined transition for ‘dwarf’ galaxies, this division ensures that any
nderlying trends with distance to filament due to changes in stellar
ass are fully remo v ed. Our stellar mass subsamples are referred

o as’ultradwarf’ for galaxies with log M � /M � < 9.0, ‘low mass’
or galaxies with 9.0 < log M � /M � < 9.7, ‘intermediate mass’ for
alaxies between the bimodality scale and gas-richness threshold,
nd ‘high mass’ for galaxies abo v e the bimodality scale. 

To define the divider between red and blue galaxies, we performed
ouble Gaussian fitting to the distributions of u–r colour (foreground
xtinction and k -corrected) in stellar mass bins using galaxies in
he stellar-mass selected sample of the ECO DR3. We select down
o a stellar mass limit of log ( M � /M �) = 8.9 for galaxies within
roup velocities 3500 km s −1 < cz group < 7000 km s −1 to define an
pproximately complete sample (following Eckert et al. 2016 ), and
e set bins from log ( M � /M �) = 8.9–9.3, 9.3–9.8, 9.8–10.3, and

bo v e log ( M � /M �) = 10.3. The fitting method is similar to that
f Baldry et al. ( 2004a ), except we bin in stellar mass instead of
agnitude and similar to Moffett et al. ( 2015 ), but with more stellar
ass bins. From the fits, we define a point for each bin in which the
 -value is the median stellar mass within the bin and the y -value is
he u–r colour that marks where the blue-galaxy and the red-galaxy
aussian fits intersect. Finally, we connect each point to create the

ed–blue divider seen in Fig. 6 . We note that the divider does not
hange significantly with ∼2x finer binning. 

The fraction of red sequence galaxies (hereafter referred to as the
ed fraction) in bins of distance to filament for the ultradwarf, low-,
ntermediate-, and high-mass subsamples is shown in Fig. 7 . The
oloured bands indicate the 1 σ uncertainties, which are calculated
sing Bayesian binomial confidence intervals (Cameron 2011 ). We
nd a statistically significant increase in the red fraction for galaxies

n each stellar mass bin with decreasing distance to filament, with
he exception of the ultradwarf mass bin, indicating that galaxies are
ypically redder close to filaments. 

.1.3 Gas fraction 

eutral h ydrogen g as is a key component of galaxies and provides
he raw fuel for eventual star formation. To examine the possible
ffects of the filament environment on the gas content of galaxies,
NRAS 528, 4139–4159 (2024) 
e calculate the gas fraction (G/S), defined as 1.4 M H I / M � , where
.4 M H I is the atomic hydrogen gas mass including a correction for
he helium content. We classify galaxies below a fixed gas fraction
G/S < 0.1) as gas poor rather than using H I deficiency, which uses
he amount of gas relative to that expected as a function of mass or
ther galaxy properties, since we use photometric gas fractions for
any of the ECO galaxies. The photometric fraction makes use of the

elationship between optical properties and H I mass to estimate the
raction of gas expected, thus already taking into account correlations
ith properties such as mass. We expect this to be a conserv ati ve
efinition of gas poor for this sample, based on the expected H I

ontent as a function of mass (Bok et al. 2020 ). 
Fig. 8 shows the fraction of g as-poor g alaxies (hereafter referred

o as the gas-poor fraction) in bins of distance to filament for each
tellar mass subsample. As explained in Section 4.1.2 , these stellar
ass bins are closely linked to transitions in the gas refuelling

egimes (Kannappan et al. 2013 ). As such, the low- and intermediate-
ass bins (in the refuelling and processing dominated regimes,

espectively) are expected to have a higher gas content than the
igh mass, quenching-dominated bin. The ultradwarf regime has the
ighest gas content of all the mass bins, and as such, all galaxies
ithin this stellar mass regime are gas-rich, resulting in a gas-poor

raction of zero across the range of distance to filaments. The gas-
oor fraction shows a statistically significant increasing trend as one
ets closer to filaments in each of the higher stellar mass bins. 
Overall, galaxies close to filaments have proportionally less gas

han galaxies further away from filaments with the exception of
ltradwarf galaxies. 

.2 The effect of groups versus filaments on galaxy properties 

alaxy groups have a significant impact on the evolution of galaxies.
arge galaxy groups or clusters occur at the high-density nodes of the
osmic web, which also form the intersections of filaments. These
igh-density regions may introduce additional gradients and trends
n galaxy properties (e.g. Laigle et al. 2018 ). Quenching through
trangulation or e v aporation (Fujita 2004 ), may occur in small groups
hat reside within filaments (Sarron et al. 2019 ). Along with galaxy–
alaxy interactions, this may alter the morphology, colour, stellar
ass, and gas content of galaxies in addition to any effects from

he filaments themselves. To isolate the effect of filaments, galaxy
roups must be carefully considered. 
Many galaxy groups occur close to the filaments, at distances

here trends in stellar mass, colour, and gas fraction were observed
n Section 4.1 . In the following sections, we will consider the effect
f filaments on galaxies’ properties taking into account whether the
alaxies are in groups or isolated within their haloes. Hutchens et al.
 2023 ) produced a no v el ‘Gas in Galaxy Groups’ (G3) group finder
hich they applied to the RESOLVE and ECO data. This group finder

dentifies groups in a four-step process in which giant galaxies are
rst identified and groups are formed accordingly, with an iterative
rocess assigning galaxies to these giant groups before identifying
dwarf only’ groups. This technique is powerful when dealing with
ncomplete samples, as dwarf galaxies are more difficult to detect in
urv e ys than larger galaxies. Ho we ver, because the analysis presented
n this paper uses the highly complete ECO and RESOLVE surv e ys,
e use the friends-of-friends group catalogue. We also note that the

riends-of-friends groups are less complete in the high-mass regime.
o we ver, this is implicitly taken into consideration in our analysis
hen examining the effect of nodes (Section 5.4.1 ). 
Using the group catalogue information from ECO, we separate

ur sample into single galaxies and those in groups of more than one
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Figure 4. Histogram showing the number of galaxies in ECO in stellar-mass 
log ( M � /M �) bins of 0.5 dex for the baryonic mass selected sample. The 
mean stellar-mass log ( M � /M �) = 9.61 is represented by a solid line. The 
gas-richness threshold and bimodality scale are indicated by the dotted and 
dashed lines. 
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Figure 6. The colour-mass diagram for galaxies in the ECO sample. The 
red versus blue divider derived from ECO DR3 limited at stellar mass log 
( M � /M �) = 8.9. For visualization, we plot 1000 random ECO galaxies on top 
of the Kernel Density Estimate contours derived from the stellar mass-limited 
ECO sample. 
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alaxy ( N > 1). Note that while we refer to ‘single’ galaxies in this
tudy, it is likely that these galaxies are not truly isolated . Rather, it
s possible that these galaxies may have companions that are below 

he detection floor. For the purpose of this work in differentiating 
he effect of filaments and large galaxy groups on galaxy properties, 
t is sufficient to treat these galaxies as ‘single’. Fig. 9 shows the
istribution of group galaxies and single galaxies with distance to 
lament. Galaxy groups are clustered at low D skel , close to filaments,
hile single galaxies are spread o v er the full distance range. To

solate the effect of filaments, we use the ECO group catalogues 
o separate out the the effects of high-density regions rather than 
igure 5. Distribution of stellar masses as a function of distance to filament ( D ske

ass in each distance bin is shown by the lines . The coloured band indicates the 1
 skel < 2.5 Mpc and is zoomed-in on the y -axis to highlight the behaviour close t
 Mpc. 
emoving galaxies close to ‘node’ regions identified by DisPerSE 
s in other works. By isolating single galaxies for this analysis, we
emo v e the effect of clustering in the ‘node’ regions as well as any
dditional effects due to the group environment, to look at the effects
ue to filaments alone. A detailed discussion of this is presented in
ection 5.4.1 and Appendix A . 

.2.1 Stellar mass 

n Section 4.1.1 , we showed that galaxies located closer to filaments
end to have higher median stellar masses. This mass se gre gation is
MNRAS 528, 4139–4159 (2024) 

l ). Individual galaxies are shown as background points . The median stellar 
 σ error on the median. The right panel shows this distribution for 0 Mpc < 

o the filaments. The median decreases by 0.5 dex as D skel increases within 
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Figure 7. The fraction of red sequence galaxies for ultradwarf (pink), low- 
mass (blue), intermediate-mass (green) and high-mass (orange) galaxies 
versus distance to filament ( D skel ) listed from the bottom of the figure to the 
top. The red fraction increases close to filaments with statistical significance 
in each stellar mass bin except for ultradwarf galaxies. 

Figure 8. The gas-poor fraction versus distance to filament ( D skel ) for 
ultradwarf, low-mass, intermediate-mass, and high-mass galaxies. The gas- 
poor fraction shows a statistically significant increase close to filaments in 
each stellar mass bin except for ultradwarf galaxies. 
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Figure 9. The distribution of single galaxies, and galaxies in groups, with 
distance from filament. Group galaxies are clustered at low D skel , while single 
galaxies are spread out o v er larger distances. 
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rominently observed in the literature (e.g. Kraljic et al. 2018 ; Laigle
t al. 2018 ; Luber et al. 2019 ). To examine the role of galaxy groups
n driving this trend, Fig. 10 shows the median stellar mass for group
alaxies and single galaxies. Over the full range of D skel , the group
alaxies have systematically higher stellar masses than the single
alaxies. A weighted linear fit was performed to the log stellar mass
nd log distance to filament for both single and group galaxies, with
 statistically significant slope m group = −0.050 ( σ group = 0.008) and
 single = −0.080 ( σ single = 0.016) for both single and group galaxies.
his indicates that both group and single galaxies have higher stellar
asses close to filaments. 
NRAS 528, 4139–4159 (2024) 
.2.2 Colour 

s shown in Section 4.1.2 , the red fraction and median colour suggest
hat galaxies are typically redder close to filaments. Higher red
ractions and redder colours close to filaments have been found in
he literature previously (e.g. Chen et al. 2017 ; Kraljic et al. 2018 )
o we ver, group pre-processing is known to quench star formation

nd induce reddening (Peng et al. 2010 ; Davies et al. 2019 ). To
nvestigate if the observed reddening can be directly attributed to the
lament environment, Fig. 11 shows the red sequence fraction for
ingle galaxies and galaxies in groups versus distance to filament
eparately. For both single galaxies and group galaxies, the red
equence fraction increases with proximity to the filament. 

The group galaxy trend is very steeply increasing for D skel <

.1 Mpc compared to the trend for single galaxies. Ho we ver, Fig. 10
howed that group galaxies have higher stellar masses o v er the full
ange of D skel and it is therefore important to ensure that the colour
rend is not a stellar mass effect. 

Fig. 12 shows the red fraction for group and single galaxies in
ins of stellar mass as a function of D skel . The increase in red fraction
ith decreasing distance to filament for single galaxies is statistically

ignificant for the low-stellar mass bin. In group galaxies, there is
 significant increase in red fraction for all stellar mass bins. A
mall increase in the red fraction close to filaments is present in the
ltradwarf mass regime. Ho we ver, this stellar mass bin has very few
ed galaxies due to the inherent blue colour of ultradwarf galaxies.
his implies that filaments have a small effect on the colour of low-
ass galaxies, and reddening is primarily driven by galaxy groups

lose to filaments. 

.2.3 Gas fraction 

o investigate the relative effects of galaxy groups versus the filament
nvironment on the gas content of galaxies, the fraction of gas-poor
ingle galaxies is compared to the fraction of gas-poor group galaxies
s a function of D skel in Fig. 13 . Single galaxies and galaxies in groups
oth show a statistically significant increase in the fraction of gas-
oor galaxies as distance to filament decreases. Ho we ver, galaxies in
roups are more gas poor o v erall. 
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Figure 10. The median stellar mass versus distance to filament ( D skel ) for galaxies in groups (teal) and single galaxies (magenta). Galaxies in groups have 
systematically higher stellar masses than single galaxies. The right panel shows this distribution for 0 Mpc < D skel < 4 Mpc and the 9.0 < ( M � /M �) < 10.4 
range on the y -axis to highlight the behaviour close to the filaments. 

Figure 11. The red fraction versus distance to filament for galaxies in groups 
(teal) and single galaxies (magenta). Both subsamples show an increase in 
red fraction as distance to filament decreases. 
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When further broken down by stellar mass, similarly to Sec- 
ion 4.2.2 and shown in Fig. 14 , we see a statistically significant
ncrease in the gas-poor fraction as distance to filament decreases 
or low- and intermediate-mass group galaxies. We find a small, 
tatistically significant increase in the gas-poor fraction close to 
laments for high-mass, single galaxies, and no significant trends in 

he remaining mass bins for single galaxies. This implies that changes 
n gas fraction are more closely related to group membership than 
roximity to filaments. 
 DI SCUSSI ON  

he current framework for understanding how filaments affect galaxy 
volution suggests that the filament ‘backbone’ is made up of higher-
ass galaxies and groups. This has been supported by observations 

f mass se gre gation within filaments in simulations and data – where
alaxies at the core of filaments have higher stellar masses than
alaxies outside filaments (e.g. Chen et al. 2017 ; Kraljic et al.
018 ). Furthermore, Tidal Torque Theory (Hoyle 1949 ; Peebles 
969 ; Doroshkevich 1970 ; White 1984 ) provides a mechanism for
ow-mass galaxies to accrete gas at the ‘vorticity-rich’ outskirts of 
laments (Laigle et al. 2015 ). Additionally, as galaxies enter fila-
ents, they may become detached from their primordial gas supply 

hrough major mergers, accretion of satellites or as they cross the
lament. Filaments are typically classified as intermediate-density 
egions. As such, various authors (e.g. Guo, Tempel & Libeskind 
015 ; Kuutma, Tamm & Tempel 2017 ; Aragon Calvo, Neyrinck &
ilk 2019 ) suggest that g alaxy–g alaxy mergers and interactions may
ccur frequently in filaments, driving morphological transformations 
uch as those observed by Kuutma, Tamm & Tempel ( 2017 ). Galaxies
n groups travelling along filaments to higher-density regions such 
s clusters may be pre-processed by the groups, which may result in
orphological and gas fraction changes to the galaxies (Fujita 2004 ;
arron et al. 2019 ). 
In the previous section, we showed that galaxies close to filaments

ave higher stellar masses, are redder and are more gas poor than
alaxies further away and that these trends generally still hold when
he sample is divided into stellar mass bins. However, we found that
roup environments within filaments may be responsible for these 
rends. 

In this section, we examine the possible mechanisms that may 
rive these trends in groups and filaments and compare the results to
revious work. 
MNRAS 528, 4139–4159 (2024) 
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Figure 12. The red fraction versus distance to filament is shown for single galaxies (left panel) and group galaxies (right panel) for ultradwarf, low-, 
intermediate-, and high-stellar mass subsamples. Group galaxies show strong, statistically significant increases in red fraction with decreasing D skel for all mass 
bins. Statistically significant increasing trends are also seen for the low-mass single galaxies. 

Figure 13. Gas-poor fraction versus distance to filament for group galaxies 
(teal) and single galaxies (magenta). Both subsamples show a significant 
decrease in the gas-poor fraction as D skel increases. 
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.1 Trends in stellar mass 

t is well established that stellar mass is a crucial predictor of a
alaxy’s properties, even when environment is considered (Kauff-
ann et al. 2003 ; Kauffmann et al. 2004 ; Peng et al. 2010 ; Alpaslan

t al. 2014 ). In the previous section, Fig. 5 showed that the median
tellar mass of galaxies is higher closer to filaments than further
way. 

While D skel , defined as the transverse distance to the filament, is
ost commonly used as the metric for measuring the distance to
laments in studies that use DisPerSE for filament identification,
uber et al. ( 2019 ) and Blue Bird et al. ( 2020 ) use the distance to
NRAS 528, 4139–4159 (2024) 
earest critical point, which we consider as the end points of filament
egments, D cp , in their analyses of galaxy properties. As described in
ection 3.2 , D cp was also calculated for each galaxy. For comparison

o Luber et al. ( 2019 ), we present the mean stellar mass, calculated
n bins of D cp , in Fig. 15 . This figure shows that in the ECO data the
ean stellar mass increases with decreasing distance to critical point.
lthough the ECO data are offset at higher stellar masses o v erall than

he data from Luber et al. ( 2019 ), possibly due to differences in the
ample selection and the use of mean values to represent the binning,
oth data sets follow the same trend. Within the uncertainties given
y the dispersions on stellar mass values (refer to Fig. 5 ) per D cp bin,
ur results are consistent with those from Luber et al. ( 2019 ). 
In this work, we primarily separate galaxies into single and group

alaxies (see Section 4 ) to account for the variation of environment
nd density within filaments. Single galaxies close to filaments are
ound to have higher median stellar masses than galaxies further
way (see Fig. 10 ). This effect is small ( < 0.5 dex), but statistically
ignificant with the slope = 0.08 and the uncertainty σ = 0.014)
nd occurs within D skel < 2.5 Mpc. This increase is in agreement
ith work by many authors (e.g. Alpaslan et al. 2015 ; Kraljic et al.
018 ; Luber et al. 2019 ) and suggests that mass se gre gation occurs
ithin filaments, regardless of whether a galaxy is in a group or

solated in its halo. Note that single galaxies as we have defined them
re not necessarily isolated, but are single relative to our selection
oor and may have lower mass companions. For the lowest mass
ins, single galaxies could be part of dwarf only groups, whereas the
single’ galaxies in higher mass bins have stellar masses well above
ny undetected satellites, and could be considered isolated from any
imilar mass neighbours. 

.2 Trends in colour 

he colour–magnitude diagram reveals that a sample of galaxies will
ypically form a bimodal distribution – a red sequence consisting of
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Figure 14. Gas-poor fraction versus distance to filament for single galaxies (left panel) and group galaxies (right panel) for ultradwarf, low-, intermediate-, and 
high-stellar mass subsamples. Low- and intermediate-mass group galaxies show statistically significant increases in gas-poor fraction with decreasing D skel . A 

statistically significant increase in the gas-poor fraction of low-mass, single galaxies is also found. 

Figure 15. The mean stellar mass versus distance to nearest critical point ( D cp for ECO) is shown by the line in comparison to the same parameters and errorbars 
from Luber et al. ( 2019 ) . The uncertainty band for the ECO data is calculated as previously (see Section 4 ). The right-hand panel shows this for D cp < 4 Mpc 
to emphasize the behaviour close to the critical points. 
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uenched, mostly early-type galaxies, and a ‘blue cloud’ of galaxies 
hat are actively forming stars (Baldry et al. 2004b ). 

Colour is also closely tied to environment and galaxy density. 
n high-density regions such as galaxy clusters, the red sequence 
ominates (Hogg et al. 2003 ). Filaments may be a site for pre-
rocessing as galaxy groups travel towards clusters, which may 
edden galaxies in groups by quenching star formation through 
echanisms such as strangulation and e v aporation, reducing the 

uantity of gas available to form stars (Fujita 2004 ). In addition,
ecent studies found evidence for an enhanced red fraction (Chen 
t al. 2017 ; Kraljic et al. 2018 ), redder colour (Kuutma, Tamm &
empel 2017 ; Laigle et al. 2018 ; Luber et al. 2019 ) and an increased
raction of passive (i.e. non-star-forming) galaxies close to filaments 
Malavasi et al. 2017 ; Kraljic et al. 2018 ; Laigle et al. 2018 ; Sarron
t al. 2019 ) suggesting that quenching mechanisms may be at play
ithin filaments. 
Our results appear to agree with these findings and hold for all bins

n stellar mass, except for ultradwarf galaxies, as shown in Fig. 7 .
o we ver, when we divide our sample into group galaxies and single
alaxies, we find that these trends are driven predominantly by galaxy 
MNRAS 528, 4139–4159 (2024) 
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Figure 16. The gas-poor fraction versus distance to filament for single 
galaxies in the previously defined high-, intermediate-, and low-mass bins 
are plotted in solid lines. In comparison to Crone Odekon et al. ( 2018 ), the 
gas-poor fraction for galaxies with 8.5 < log ( M � /M �) < 10.5 is shown with 
a dashed line. The gas-poor fraction for galaxies in this mass range shows a 
statistically significant increase as distance to filament decreases. 
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roups (see Figs 11 and 12 ). We find that the trend in red fraction is
rimarily driven by the group environment rather than the filament
nvironment. Some reddening close to filaments is observed for low-
ass, single galaxies. Malavasi et al. ( 2022 ) found that star formation

ates strongly depend on local environment, which is echoed in our
esults showing that colour is affected by the group environment
ignificantly more than the filament environment. Additionally, they
ound that trends in galaxy properties with respect to filaments are
ore evident in low-mass galaxies, in agreement with our findings. 

.3 Trends in gas fraction 

hile trends in colour and stellar mass with respect to filaments
ave been well-established in the literature, understanding the role of
laments on the gas content of galaxies requires more investigation.
heoretical work has established Tidal Torque Theory to describe
ow angular momentum flows occur and transfer to galaxies within
he cosmic web (Hoyle 1949 ; Peebles 1969 ; Doroshkevich 1970 ;

hite 1984 ; Porciani, Dekel & Hoffman 2002 ; Codis, Pichon &
ogosyan 2015 ). Vorticity-rich regions at the outer edges of filaments
ay allow low-mass galaxies to accrete cold gas efficiently by having

heir spin (angular momentum) parameters aligned with close-by
laments (Laigle et al. 2015 , 2018 ). Observations and simulations
ave attempted to link this spin alignment or mis-alignment with the
tellar mass and H I mass of galaxies. Welker et al. ( 2019 ) found a
tellar-mass dependence, with galaxies log ( M � /M �) < 10.4 spin-
ligned to their host filaments and a transition mass at 10.4 < log
 M � /M �) < 10.9 where galaxies no longer had their spin aligned.
his was also tentatively observed by Blue Bird et al. ( 2020 ) using
 small sample from the CHILES surv e y. Kraljic, Dav ́e & Pichon
 2020 ) used data from the SIMBA simulations (Dav ́e et al. 2019 )
nd found that galaxies with high H I masses [log ( M H I /M �) > 9.5]
ad their spin aligned to nearby filaments and galaxies with low H I

ass [log ( M H I /M �) < 9.5] had perpendicular spin to their filaments,
urther showing the link between stellar mass, gas accretion, and the
osmic web. Song et al. ( 2021 ) carefully considered the positions
nd angular momentum of galaxy haloes with respect to filaments.
n agreement with Laigle et al. ( 2015 ), they described that haloes
n the vorticity rich outskirts of filaments accrete matter due to their
ngular momentum alignment and that galaxies in this region may
e susceptible to additional quenching. Ho we ver, transferring this
atter to galaxies residing in these haloes is an inefficient process
hich may not translate into changes in the galaxy properties. 
Observationally, Kleiner et al. ( 2016 ) found that high-mass [log

 M � /M �) > 11] galaxies close to filaments, with D skel < 0.7 Mpc,
ad higher gas fractions than their control sample with D skel >

 Mpc. They interpreted this as possible H I cold accretion by massive
alaxies from filaments. This mass range is higher than the transition
ass found in studies of Tidal Torque Theory (Welker et al. 2019 ;
raljic, Dav ́e & Pichon 2020 ), which indicates that more work is
eeded in this area of research. The ECO sample contains only 24
ingle galaxies with log ( M � /M �) > 11. Due to these limited statistics,
t is not possible to compare this work directly to the results from
leiner et al. ( 2016 ). 
On the other hand, Crone Odekon et al. ( 2018 ) found that at

xed stellar masses and colour, filament galaxies, with 8.5 < log
 M � /M �) < 10.5, are more H I deficient than non-filament galaxies.
hey suggested a scenario where galaxies enter filaments and are
utoff from their gas supply, resulting in the observed H I deficiencies,
nd later redden as star formation is quenched. This is in agreement
ith expectations from the Cosmic Web Detachment model (Aragon
alvo, Neyrinck & Silk 2019 ), which describes how galaxies are
NRAS 528, 4139–4159 (2024) 
uenched after being detached from their primodial gas supply
hen entering the cosmic web. To compare to Crone Odekon et al.

 2018 ), we plot the gas-poor fraction for single galaxies with 8.5
 log ( M � /M �) < 10.5 with a grey dashed line in Fig. 16 . Single

alaxies are selected as Crone Odekon et al. ( 2018 ) also remo v ed the
ffect of groups in their results. We observe a statistically significant
ncreasing trend in the gas-poor fraction close to filaments within this

ass range. This indicates that galaxies in this mass range have less
as close to filaments, in agreement with Crone Odekon et al. ( 2018 ).
alaxies within this mass range fall within the ‘process-dominated’

nd ‘accretion-dominated’ regimes described by Kannappan et al.
 2013 ), indicating that these galaxies should be typically gas-rich.
hus, an increase in the gas-poor fraction close to filaments within

his mass regime shows that filaments may result in a small reduction
n the gas content of galaxies. 

Although we and Crone Odekon et al. ( 2018 ) detect a decrease in
he gas content of galaxies and Kleiner et al. ( 2016 ) detect an increase
n the gas content of galaxies due to the cosmic web, these changes are
bserved in different stellar mass regimes. One interpretation of this
ould be that galaxies with very high-stellar masses may have large
nough gravitational potentials to funnel gas from the cosmic web
Kleiner et al. 2016 ), while low-mass galaxies are more susceptible
o ‘cosmic web stripping’ which remo v es gas from galaxies through
am-pressure inside filaments (Ben ́ıtez-Llambay et al. 2013 ), and to
osmic Web Detachment (Aragon Calvo, Neyrinck & Silk 2019 )
here they are cutoff from their primordial gas supply once they

nter filaments. Evidence of cosmic web stripping was also observed
y Winkel et al. ( 2021 ) using data on the sSFR and metallicity of
alaxies in the SDSS. 

.4 Environments and gas content 

ur results have shown that the increasing trends of stellar mass,
olour/red-sequence fraction, and gas-poor fraction closer to fila-
ents are more significant for galaxies in groups than for single
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Figure 17. Histograms showing the distribution of centrals (left) and satellites (right) in halo mass bins with distance to filament. Satellites are largely located 
very close to filaments in all halo mass bins. 
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alaxies implying that the group environment effects dominate 
 v er effects due to the filament environment alone. However, an
utstanding question is why we see trends with distance from filament 
n the group galaxy samples even after separation into stellar mass
ins? Figs 3 and 17 hint at the answer to this question. Fig. 3 shows the
ocations of central galaxies colour- and size-coded by the halo mass
f their groups. The filament backbones follow the structures outlined 
y the highest mass haloes. Fig. 17 illustrates this more quantitatively, 
howing the distribution of central galaxies with distance to filament 
n bins of group halo mass. The vast majority of the highest mass
aloes [log ( M halo /M �) > 13] are found within 1 Mpc of the 
laments. 
In an effort to disentangle the contributions from groups, filaments, 

nd haloes on the galaxy properties, we present in Fig. 18 , the
as-poor fraction versus D skel for all central galaxies (panel a), 
roup centrals (panel c), single centrals (panel d), and satellites 
panel b) binned by halo mass. The binning in halo mass follows
hat used in Stark et al. ( 2016 ). Although the Stark et al. ( 2016 )
alo masses correspond to our galaxy stellar mass regimes via the 
entral galaxy M � –M halo relation, there are satellites with lower stellar 
asses and scatter within the relation. We find a small increase 

n the gas-poor fraction of central galaxies in low-mass haloes 
panel a). 

When separated into group and single central galaxies, we find 
o significant trends (see Table B2 ) in any halo mass bin for group
entrals (panel c). For single central galaxies (panel d), we find a
mall, marginally significant trend for galaxies in the lowest halo 
ass bin. Galaxies in this halo mass bin span a range of stellar
asses (approximately 8 < log ( M � /M �) < 10) that is broader than

he lowest stellar mass bin shown in earlier figures due to the inclusion
f satellite and central galaxies which are scattered off the M � –M halo 

elation. Given this range in masses, it is unsurprising that the trend
een here is consistent with the statistically significant trend seen 
n Fig. 16 for the broader mass bin chosen to match Crone Odekon
t al. ( 2018 )’s selection. There are only two single galaxies with log
 M halo /M �) > 13, therefore this bin is not shown for single centrals.

e find a statistically significant increase in gas-poor fraction for 
atellites in the highest halo mass bin (panel b). Ho we ver, because all
hese satellites fall within 2.5 Mpc of the filaments, these satellites are
ikely all part of groups that fall within filaments and thus we cannot
omment on the effect of filaments themselves for these galaxies. 

We note that satellite galaxies are not as gas poor as central galaxies
n the same mass haloes. Ho we ver, this may be due to satellite
alaxies on a verage ha ving lower stellar masses than their central
ounterparts. 

The gas-poor fraction for the satellites in the highest halo mass
in is much higher than in other halo mass bins and these galaxies
re all located in haloes very close to filaments, i.e. with very low
 skel values. Together, the satellite and group central galaxies make 
p the ‘group’ galaxy sample and the single centrals correspond 
o the ‘single’ galaxies studied earlier. Therefore, it must be these
atellite galaxies in the highest mass haloes, which are only found
ery close to filaments, that are dominating the gas-poor fraction of
roup galaxies at low D skel values leading to the o v erall steep increase
n the gas-poor fraction of group galaxies close to filaments seen in
igs 13 and 14 , i.e. the increasing trend in gas-poor fraction close to
lament seen for group galaxies is simply due to the location of the
ost massive haloes close to filaments. 
Another interpretation of the reduced gas content of galaxies in 

ow-mass haloes is that these haloes may have been subjected to ‘fly-
y’ interactions. In this scenario, smaller haloes fall into larger haloes,
nd are subjected to gas stripping before ‘splashing back’ by leaving
he larger haloes (Gill, Knebe & Gibson 2005 ; McBride, Fakhouri &

a 2009 ). Stark et al. ( 2016 ) identified this as a mechanism for low-
ass haloes in o v erdense re gions in their analysis of the RESOLVE

urv e y. As filaments are considered o v erdense re gions, it is possible
hat this mechanism is at play close to filaments. 

Overall, our results suggest that for single central galaxies in low-
ass haloes, the denser filament environment may be a site of gas-

emoval processes in addition to halo-related processes. These results 
re aligned with recent works by Song et al. ( 2021 ) and Winkel et al.
 2021 ) which examined the effects of filaments in addition to the
ffects of haloes. However, the effects of the filament environment 
ithin group galaxies, both centrals and satellites, seem negligible. 
MNRAS 528, 4139–4159 (2024) 
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M

Figure 18. The gas-poor fraction for central galaxies versus distance to filament in bins of halo mass. The gas-poor fraction for log ( M halo / M �) < 11.4 is shown 
in grey, 11.4 < log ( M halo / M �) < 12 is shown in blue, 12 < log ( M halo / M �) < 13 is shown in pink, and log ( M halo / M �) > 13 is shown in purple. Panel (a) shows 
all central galaxies. Panel (b) shows satellite galaxies. Panels (c) and (d) show central galaxies for groups (c) and singles (d). There is a statistically significant 
increase in the gas-poor fraction for single, central galaxies in low-mass ( M halo /M � < 11.4) haloes. There are no statistically significant trends with distance to 
filaments in any halo mass bins for group centrals. 
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.4.1 The effect of nodes 

s indicated in Section 4.2 , we separate galaxies into groups and sin-
les to isolate the effect of filaments from the influence of group and
ther high-density environments. Previous works take the approach
f removing nodes, which are regions of high density, identified by
isPerSE as critical points of type-3 in three dimensions, that may

ntroduce different effects on galaxies due to their different structure,
ensity, velocity fields, and tidal forces on galaxies compared to
laments. Based on the Horizon-active galactic nuclei simulations,
 radius of 3.5 Mpc was used by Laigle et al. ( 2018 ) to remo v e
alaxies close to nodes in 3D studies of filaments. We examine the
ffect of removing node galaxies in addition to our removal of group
alaxies. In practice, removing group galaxies already remo v es a
arge percentage of ‘node galaxies’ (2301 node galaxies are within
roups), with only 744 single node galaxies which we also remo v e
or this test (see Fig. A1) . Plots corresponding to Figs 5 , 10 , 12 , and
4 with node galaxies remo v ed can be found in Appendix A as Figs
2, A3, A4, and A5 . 
We find that removing node galaxies has a negligible effect on the

reviously measured trends in stellar mass; the median stellar mass is
till higher close to filaments, as shown in Fig. A2 . Removing node
alaxies decreases the trend in red fraction for intermediate-mass
alaxies such that it is no longer statistically significant. Similarly,
ecause many group galaxies fall within nodes, the trend in red
raction for galaxies in groups, except for the highest mass bin, is
o longer statistically significant when nodes are remo v ed. We no
onger find a statistically significant increase in the red fraction for
ingle, low-mass galaxies close to filaments (see Fig. A4 ). 

Removing node galaxies introduces a statistically significant
ncrease in the gas-poor fraction for low-mass, single galaxies,
o we v er, and remo v es the statistically significant trend for high-
ass single galaxies. This result – particularly for low-mass galaxies
agrees with our o v erall conclusions that there may be evidence for
NRAS 528, 4139–4159 (2024) 
osmic web stripping of low-mass g alaxies. The g as-poor fraction at
ow D skel for galaxies in groups is lower when nodes are remo v ed,
educing the significance of the trends. These changes to the trends
or group galaxies are not unexpected, because the majority of
alaxies close to nodes are group galaxies. 

 SUMMARY  A N D  C O N C L U S I O N  

e have presented an analysis of the stellar mass, u–r colour, and
as properties of galaxies with respect to their distance to cosmic
eb filaments, group, and halo environments in the ECO surv e y. In

ummary: 

(i) Galaxies, both singles and in groups, have higher stellar masses
loser to filaments. 

(ii) The fraction of red galaxies is higher close to filaments.
o we ver, when galaxy groups and stellar mass are accounted for,
e find that the red fraction is higher close to filaments regardless
f their stellar mass and that only low-mass single galaxies show a
tatistically significant increase in their red fraction due to filaments.

(iii) Galaxies are more gas poor close to filaments. Low- and
ntermediate-mass group galaxies are more gas poor close to fil-
ments. Low-mass single galaxies show an increase in gas-poor
raction close to filaments. Single galaxies with 8.5 < log ( M � /M �) <
0.5. also show an increase in the gas-poor fraction close to filaments,
n agreement with previous works (Crone Odekon et al. 2018 ). 

(iv) The increasing trends in stellar mass, red-fraction, and gas-
oor fraction closer to filaments seen for group galaxies are mainly
riven by the fact that the highest mass haloes are preferentially
ocated within or close to the filaments. This is supported by the fact
hat there are few observed trends of gas-poor fraction with distance
rom filament for group galaxies (either centrals or satellites) in
imilar halo mass bins. Therefore, their group environment seems to
ominate o v er an y filament ef fects on their e volutionary processes. 
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(v) Groups and nodes have a stronger effect on the reddening of
alaxies than filaments, but filaments still have a small effect on the
as content of low-mass, single galaxies. This may indicate possible 
osmic web stripping. 

In this work, we have shown that although group and filament 
nvironment play a role in the evolutionary process, the influence of
roup environment is far more pronounced. One of the strengths of
he ECO and RESOLVE data sets is the ability to cleanly separate
ut group environments to test the effects of filaments independently. 
hese results are important for understanding the growth of galaxies 

n stellar mass as they travel along filaments to high-density clusters
nd understanding the mechanisms which affect the accretion and 
tripping of gas from galaxies, leading to quenching. 

Although a detailed comparison of the G3 and friends-of-friends 
roup finders in terms of cosmic web filaments is beyond the scope of
his work, comparing the effects of different group-finding techniques 
n the future may provide insight into the complex interplay between 
roup, cluster , and filament en vironments on galaxy properties. 
utting-edge surv e ys measuring the gas content of galaxies at higher
nd higher redshifts, like those underway with the MeerKAT array 
for example, the Looking At the Distant Universe with the MeerKAT 

rray (LADUMA) surv e y (Blyth et al. 2016 ) and MIGHTEE (Jarvis
t al. 2017 )] will allow us to understand the evolution of the cosmic
eb across cosmic time. 
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Figure A1. Filaments in ECO presented in slices along the Z -axis. The top panel shows the slice where Z < 30 Mpc. The middle panel shows 30 Mpc < Z < 50 
Mpc. The lower panel shows Z > 50 Mpc. Nodes are indicated by red circles, with node galaxies (i.e galaxies within 3.5 Mpc of nodes) indicated by pink dots. 
Galaxies which belong to groups are shown as blue circles. The remaining single galaxies are shown in grey. 
MNRAS 528, 4139–4159 (2024) 
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M

Figure A2. Distribution of stellar masses as a function of distance to filament ( D skel ) when node galaxies are remo v ed. Individual galaxies are shown as 
background points . The median stellar mass in each distance bin is shown by the solid line . The coloured band indicates the 1 σ error on the median. The right 
panel shows this distribution for 0 Mpc < D skel < 2.5 Mpc and is zoomed-in on the y -axis to highlight the behaviour close to the filaments. The median stellar 
mass decreases as distance to filament increases. 

Figure A3. The median stellar mass versus distance to filament ( D skel ) for galaxies in groups (teal) and single galaxies (magenta) when node galaxies are 
remo v ed. Galaxies in groups have systematically higher stellar masses than single galaxies. There is a small decrease in the median stellar mass for both group 
and single galaxies as distance to filament increases. The right panel shows this distribution for 0 Mpc < D skel < 4 Mpc and the 9.0 < log ( M � /M �) < 10.4 range 
on the y -axis to highlight the behaviour close to the filaments. 
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Figure A4. The red fraction versus distance to filament is shown for single galaxies (left panel) and group galaxies (right panel) for low-, intermediate-, and 
high-stellar mass subsamples when nodes are remo v ed. Group galaxies show a statistically significant increase in red fraction with decreasing D skel for high-mass 
galaxies. There are no statistically significant trends in red fraction with distance to filaments for single galaxies in any mass bin. 

Figure A5. Gas-poor fraction versus distance to filament for single galaxies (left panel) and group galaxies (right panel) for low-, intermediate-, and high-stellar 
mass subsamples when node galaxies are remo v ed. None of the trends are found to be statistically significant for galaxies in groups. Low-mass single galaxies 
show statistically significant increases in gas-poor fraction with decreasing D skel . 
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PPEN D IX  B:  STATISTICAL  SIGNIFICANCE  

ables showing the correlation co-efficient and p -values calculated 
or trends in Sections 4 and 5 . These values are calculated using the
pearman’s Rank Test. Trends are considered statistically significant 
f p < 0.003. 
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Table B1. Table showing the correlation coefficient and p -values calculated for trends in Section 4 . The columns indicate the name of the 
figure, the figure number, stellar mass or group/single bin, correlation coefficients, and p -values. 

Plot Figure number Mass bin Spearman’s ρ p -value 

Red sequence fraction 7 Ultradwarf − 0 .23 5.30E −01 
– Low − 0 .88 8.14E −04 
– Intermediate − 0 .92 1.80E −04 
– High − 0 .98 2.29E −07 

Gas-poor fraction 8 Ultradwarf 0 .00 0.00E + 00 
– Low − 0 .88 8.14E −04 
– Intermediate − 0 .92 2.04E −04 
– High − 0 .97 2.37E −06 

Red sequence fraction in groups and single 11 Groups − 0 .95 2.93E −05 
– Singles − 0 .90 3.44E −04 

Red sequence fraction – groups only 12 Ultradwarf − 0 .96 7.32E −06 
– Low − 0 .90 3.44E −04 
– Intermediate − 0 .52 1.22E −01 
– High − 0 .87 1.17E −03 

Red sequence fraction – singles only 12 Ultradwarf − 0 .89 6.81E −03 
– Low − 0 .96 4.54E −04 
– Intermediate − 0 .12 7.42E −01 
– High − 0 .85 8.07E −04 

Gas-poor fraction in groups and singles 13 Groups − 0 .74 3.66E −02 
– Singles − 0 .71 4.81E −02 

Gas-poor fraction – groups only 14 Ultradwarf 0 .00 0.00E + 00 
– Low − 0 .85 4.12E −03 
– Intermediate − 0 .90 2.01E −03 
– High − 0 .94 1.85E −03 

Gas-poor fraction – singles only 14 Ultradwarf 0 .00 0.00E + 00 
– Low − 0 .80 5.21E −03 
– Intermediate − 0 .61 1.48E −01 
– High − 0 .82 2.34E −02 

Nodes – – – –
Red sequence fraction – groups only A2 Ultradwarf – –

– Low − 0 .54 1.70E −01 
– Intermediate − 0 .62 1.02E −01 
– High − 0 .99 1.46E −05 

Red sequence fraction – singles only A2 Ultradwarf − 0 .12 7.42E −01 
– Low − 0 .83 5.27E −03 
– Intermediate − 0 .54 1.68E −01 
– High − 0 .83 1.14E −02 

Gas-poor fraction – groups only A3 Ultradwarf – –
– Low − 0 .26 4.93E −01 
– Intermediate − 0 .47 2.05E −01 
– High − 0 .67 9.76E −02 

Gas-poor fraction – singles only A3 Ultradwarf – –
– Low − 0 .83 2.78E −03 
– Intermediate − 0 .32 4.82E −01 
– High − 0 .88 4.42E −03 



The cosmic web in RESOLVE and ECO 4159 

MNRAS 528, 4139–4159 (2024) 

Table B2. Significance p -values and correlation coefficients (Spearman’s ρ) for Fig. 18 for each halo mass bin and panel. 

Plot Halo mass Spearman’s ρ P -value 

All centrals log M halo /M � < 11.4 −0.88 8.14E −04 
11.4 < log M halo /M � < 12 −0.79 6.10E −03 
12 < log M halo M � < 13 −0.63 1.29E −01 
log M halo / \ Msun > 13 −0.80 2.00E −01 

Satellites log M halo /M � < 11.4 −0.40 6.00E −01 
11.4 < log M halo /M � < 12 −0.80 1.04E −01 
12 < log M halo M � < 13 −0.70 1.88E −01 

log M halo /M � > 13 −1.00 0.00E + 00 
Group centrals log M halo /M � < 11.4 −0.21 7.41E −01 

11.4 < log M halo /M � < 12 −0.45 3.10E −01 
12 < log M halo M � < 13 −0.44 3.28E −01 

log M halo /M � > 13 −0.80 2.00E −01 
Single centrals log M halo /M � < 11.4 −0.90 2.44E −03 

11.4 < log M halo /M � < 12 −0.75 5.22E −02 
12 < log M halo M � < 13 −0.65 1.11E −01 
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