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A B S T R A C T 

We explore the dependence of global galaxy properties in the SIMBA simulation as a function of distance from filaments identified 

using DISPERSE . We exclude haloes with mass M h > 10 

13 M � to mitigate the impact of group and cluster environments. Galaxies 
near filaments are more massive and have more satellites, which we control for by examining deviations from best-fitting scaling 

relations. At z = 0, star formation (SF) is significantly suppressed within � 100 kpc of filaments, more strongly for satellites, 
indicating substantial pre-processing in filaments. By z = 2, the trend is weak and if anything indicates an increase in SF 

activity close to filaments. The suppression at z � 1 is accompanied by lowered H I fractions, and increased metallicities, 
quenched fractions, and dispersion-dominated systems. H 2 fractions are not strongly suppressed when controlling for stellar 
mass, suggesting that SF ef ficiency dri ves the drop in SF. By comparing amongst different SIMBA feedback variant runs, we 
show that the majority of SF suppression owes to filamentary shock-heating, but there is a non-trivial additional effect from AGN 

feedback. When looking around massive ( M h > 10 

13 M �) haloes, those galaxies near filaments behave somewhat differently, 
indicating that filaments provide an additional environmental ef fect relati ve to haloes. Finally, we compare SIMBA results to 

EAGLE and IllustrisTNG at z = 0, showing that all models predict SF suppression within � 100 kpc of filaments, none the less, 
detailed differences may be observationally testable. 

Key words: methods: numerical – galaxies: evolution – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he Universe on large scales is comprised of a network of galaxies,
as and dark matter forming the so-called cosmic web (e.g. Bond, 
ofman & Pogosyan 1996 ; Arag ́on-Calvo, van de Weygaert & Jones
010 ). This large-scale structure (LSS) consisting of void regions, 
heet-lik e w alls, filaments, and nodes is predicted by the Zel’dovich’s
odel for the gravitational collapse of ellipsoidal fluctuations in the 
atter density field (Zel’dovich 1970a , b ). The features of the cosmic
eb have been brought to light via systematic galaxy redshift surv e ys

e.g. de Lapparent, Geller & Huchra 1986, 1989 ; Colless et al. 2001 ;
egmark et al. 2004 ), and are also supported by simulations which
redict the hierarchical formation of voids, walls, and filaments 
ssuming the well-established cold dark matter (CDM) paradigm 

e.g. Springel 2005 ). 
Within the cosmic web, galaxies continuously grow and evolve, 

heir properties being strongly correlated with their local environ- 
ents. Denser environments show o v erabundances of massiv e haloes 

ue to the enhanced dark matter densities and the protohalo’s earlier 
ollapse (e.g. Bond, Kofman & Pogosyan 1996 ), which fa v ours the
ormation of massive galaxies. Such environments also appear to 
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av e non-ne gligible ef fects on galaxies, e ven when controlling for
alaxy masses, giving rise to the long-observed morphology–density 
nd colour–density relations (Dressler 1980, 1986 ; Postman & Geller 
984 ; Kauffmann et al. 2004 ; Baldry et al. 2006 ; for re vie ws see
oselli & Gavazzi 2006 , 2014 ). 
Traditionally, environmental effects have been studied by contrast- 

ng galaxies within groups and clusters versus those in the ‘field’.
n such studies, the environment is a proxy for halo mass, with
ense environments representing massive haloes with virial mass 
 10 13 M �. Yet, the field population itself may not be homogeneous

n terms of its environmental dependence. For instance, field galaxies 
ithin a filamentary environment could have enhanced galaxy growth 
ue to the greater availability of gas relative to void regions, or
lse could be retarded if that gas were shock-heated on LSS. The
lamentary web may be the site of ‘pre-processing’, in which 
alaxy properties are altered prior to entering into group and cluster
nvironments (e.g. Fujita 2004 ; Wetzel et al. 2013 ). Disentangling
hese effects is important for fully characterizing the role of the
nvironment in galaxy evolution. 

Ho we ver, identifying the imprint of the cosmic web on galaxy
roperties beyond the dominant effect of local density and mass 
as been shown to be a daunting task. Early observational works
truggled to find clear evidence of such signature. Among them, 
lpaslan et al. ( 2015 ) found that the galaxies’ properties are primarily
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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nfluenced by stellar mass, rather than the environment. Additionally,
ardley et al. ( 2015 ) suggested that the observed cosmic web
nvironmental effects on galaxy properties can be explained solely
y their corresponding local densities. These contradicting results
ay be partly explained by the inability to properly distinguish

etween the effects of present local densities and past large-scale
nvironments, given their strong correlation. To sort out these
ssues, it is of crucial importance to distinguish between mass- and
nvironmental-dri ven ef fects, as well as clearly separate group- and
luster-like environments from large-scale cosmic web features. 

From galaxy surv e ys, there is substantial evidence that galaxies
lose to filaments are more massive and show lower levels of star
ormation (SF). This has been shown using the Sloan Digital Sky
urv e y (SDSS; Abazajian et al. 2009 ) by Chen et al. ( 2017 ), Kuutma,
amm & Tempel ( 2017 ), Poudel et al. ( 2017 ), using the VIMOS
ublic Extragalactic Redshifts Surv e y Multi- λ Surv e y (VIPERS-
LS; Moutard et al. 2016 ; Scodeggio et al. 2018 ) by Malavasi et al.

 2017 ), using COSMOS-2015 (Laigle et al. 2016 ) by Laigle et al.
 2018 ), using the Galaxy and Mass Assembly surv e y (GAMA; Driver
t al. 2009 ) by Alpaslan et al. ( 2015 ), Kraljic et al. ( 2018 ), and using
he WISExSuperCOSMOS surv e y (Bilicki et al. 2016 ) by Bonjean
t al. ( 2020 ) (but see Darvish et al. 2014 ; Vulcani et al. 2019 , for
bservational results finding enchanced levels of (specific) SF in
he proximity of filaments). These mass and SFR trends have also
een supported several studies focused on cosmic voids showing
hat galaxies residing within them tend to be less massive, bluer, and

ore star forming (e.g. Grogin & Geller 2000 ; Rojas et al. 2004 ;
reckel et al. 2011 ; Hoyle, Vogeley & Pan 2012 ; Beygu et al. 2016 )

ompared to higher density environments (but see Ricciardelli et al.
014 ; Kreckel et al. 2015 ; Wegner et al. 2019 , for claims on no
ignificant impact of void environment on galaxy properties). 

Galaxy formation simulations within a cosmological context
hould naturally yield such environmental trends as a consequence
f the interplay between galaxy accretion and LSS. Ho we ver, again,
he results are mixed. Kraljic et al. ( 2018 ) and Malavasi et al. ( 2022 )
nvestig ated g alaxy properties near filaments using the HORIZON-
GN (Dubois et al. 2014 ) and ILLUSTRISTNG (Pillepich et al. 2018 )

imulations, respectively, and generally reported suppressed SF in
greement with some observational results. On the other hand, when
ooking at high-z massive dense filaments and dwarf galaxies, Zheng
t al. ( 2022 ) found a slight increase in the SFR, using the Auriga
imulations (Grand et al. 2017 ). Additionally, Kotecha et al. ( 2022 )
ound that galaxies close to filaments tend to be more star forming
hen looking at simulated clusters from the Three Hundred Project

Cui et al. 2018 ). This pro v es once again that, apart from the different
rescriptions of simulations, the sample selection and environment
lassification play a vital role in such analyses too. Reconciling all
hese results likely requires considering surv e y selection effects and
he specific techniques used to characterize filamentary structure, but
n principle, the properties of galaxies within the filamentary LSS
hould provide a novel test of galaxy formation models. 

Other properties have also been investigated in terms of the cosmic
eb environment. Kuutma, Tamm & Tempel ( 2017 ) and Poudel et al.

 2017 ) showed using SDSS that at fixed environment density, the
lliptical fraction is higher close to filaments. Poudel et al. ( 2017 )
roposed that the differences in galaxy SF properties result from
he higher abundances of elliptical galaxies close to filaments. A
imilar result was also observed by Castignani et al. ( 2022 ), when
ooking out to 12 virial radii from the Virgo cluster. Salerno et al.
 2020 ), using the Six Degree Field Galaxy Surv e y (6dFGS, Jones
t al. 2004 ), found that galaxies arriving at clusters by following
laments are more quenched than galaxies that accrete on to clusters
NRAS 529, 2595–2610 (2024) 
sotropically (see also Gouin et al. 2020 and Malavasi et al. 2022 ).
hile these results suggest that the morphology–density and colour–

ensity relations are established during the pre-processing phase,
hey are still focused on the vicinity of massive haloes rather than
he full cosmic web. 

Gas and metal content have also been explored in terms of the
lamentary web. For the atomic hydrogen content in galaxies (H I ),
leiner et al. ( 2017 ) and Crone Odekon et al. ( 2018 ) reported
ifferent results. Kleiner et al. ( 2017 ) showed, using the 6dFGS that
alaxies more massive than M ∗ > 10 11 M � show higher H I to stellar
ass ratio (H I fraction) near filaments, while no trend is observed for

ower mass galaxies. Crone Odekon et al. ( 2018 ) used the ALF ALF A
 I surv e y (Gio vanelli et al. 2005 ) to show that the H I fraction

ncreases at increasing distance from filaments, at fixed local density
nd stellar mass. These last results are supported by Castignani et al.
 2022 ), who added that the molecular hydrogen (H 2 ) does not show a
lear trend with respect to the distance from filaments. For metallicity,
his has only been explored in both observations and simulations,
ith Winkel et al. ( 2021 ) reporting that centrals in SDSS are more
etal-enriched close to cosmic web structures and Donnan, Tojeiro &
raljic ( 2022 ) showed via IllustrisTNG simulations and SDSS that
oth the gas-phase and stellar metallicities are higher for galaxies
loser to filaments and nodes. 

One way forward to make sense of these contro v ersies is to use
tate-of-the-art galaxy formation simulations to disentangle these
ffects. In this context, state-of-the-art refers to simulations that
eproduce the global galaxy trends in SF rate, gas content, and
etallicity versus mass; restricting to such models then provides
 plausible baseline for teasing out subtle environmental effects.
o this end, this study explores how the scalar galaxy properties
ary with respect to the distance to the closest filament identified
sing Discrete Persistent Structure Extractor ( DISPERSE ; Sousbie
011 ; Sousbie, Pichon & Kawahara 2011 ) within the SIMBA (Dav ́e
t al. 2019 ) simulation suite. SIMBA reproduces many global trends
elated to SFR, quenched fractions, H I content, and many other
lobal properties (e.g. Dav ́e et al. 2019 , 2020 ). In this first paper, we
uantify trends in 3-D space (i.e. not accounting for redshift space
istortions) using all resolved SIMBA galaxies to better understand the
ntrinsic impact of filaments on galaxy properties. We examine stellar

ass ( M ∗), specific SFR (sSFR), H I , and H 2 fractions, metallicity,
nd quenched fractions versus distance to the nearest filament. We
ocus on galaxies outside of massive haloes ( M h ≤ 10 13 M �) in
rder to restrict ourselves to a classical field galaxy sample. We
tudy both intrinsic quantities versus distance to filament, as well as
epartures from the ‘main sequence’ of these quantities versus M ∗
n order to control for the fact that galaxies near filaments are more
assive. In addition, we use SIMBA ’s feedback variants to understand
hich trends come from LSS versus particular feedback processes

as modelled in SIMBA ). Finally, we apply the same procedure to
he EAGLE (Schaye et al. 2015 ) and IllustrisTNG (Weinberger et al.
017 ; Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018,
019 ; Pillepich et al. 2018, 2019 ; Springel et al. 2018 ) simulations to
etermine whether the trends seen with SIMBA are robust to variations
n galaxy formation model. We leave for future work a redshift-space
omparison to observations, applying observational selection and
ncertainties to robustly quantify constraints on galaxy formation
odels. 
The rest of the paper is structured as follows: Section 2 describes

he tools and methods implemented in this study; Section 3 presents
he trends of the galaxy properties of interest with respect to their
roximity to filaments, while Section 4 investigates further the
eviations of these properties from their scaling relations with M ∗,
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ith respect to distance from filaments; Sections 5 and 6 compare 
he impact of the SIMBA ’s feedback variants and massive haloes, 
espectively, with the impact of the cosmic web; Section 7 compares 
ur main findings with the results of the EAGLE and IllustrisTNG
imulations and Section 8 provides a summary of this study. 

We adopt the cosmological constants of the Planck Collaboration 
Planck Collaboration XIII 2016 ), implemented in SIMBA : �m 

= 

.3, �� 

= 0.7, �b = 0.048, H 0 = 60 kms −1 Mpc −1 h 

−1 , σ 8 = 

.82, and n s = 0.97. 

 SIMULATIONS  A N D  ANALYSIS  

n this section, we discuss the methods employed throughout our 
tudy in order to obtain the rele v ant galaxy properties and cosmic
eb features. 

.1 SIMBA 

e use the large-scale cosmological hydrodynamical SIMBA sim- 
lations (Dav ́e et al. 2019 ) for this work. SIMBA builds upon its
redecessor MUFASA (Dav ́e, Thompson & Hopkins 2016 ) which 
ses the Meshless Finite Mass version of the GIZMO code (Hopkins 
015 ), together with the GADGET-3 tree-particle-mesh gravity solver 
Springel 2005 ). We refer the reader to Dav ́e et al. ( 2019 ) for a full
escription and here summarize the rele v ant features of this work. 
SIMBA models non-equilibrium cooling from primordial elements 

long with metal-line cooling using GRACKLE-3.1 (Smith et al. 2017 ), 
mploying a spatially uniform photoionizing background attenuated 
ith a simple prescription for self-shielding in dense regions. The 

hemical enrichment module makes use of yield tables for Type 
I supernovae (SNII, Nomoto et al. 2006 ), Type Ia supernovae 
SNIa, Iwamoto et al. 1999 ), and asymptotic giant branch stars
Oppenheimer & Dav ́e 2006 ). Using the metallicity and local column
ensity, the H 2 fraction in each gas element is computed via the
ubgrid recipe from Krumholz & Gnedin ( 2011 ). SF then proceeds
ssuming a Schmidt ( 1959 ) relation law with 2 per cent of the H 2 

ass being converted into stars in a local dynamical time, with 
 minimum density of n H > 0.13 cm 

−3 for SF to occur. Galactic
inds, putati vely dri ven by SNII, are modeled in a kinetic manner,
ith kick probability and velocity assigned to roughly mimic scalings 
ith galaxy stellar mass as predicted by the Feedback in Realistic
nvironments simulations (Muratov et al. 2015 ; Angl ́es-Alc ́azar et al. 
017 ). After the kick, a wind element does not feel hydrodynamic
orces or cooling until it reaches a density 1 per cent of the threshold
ensity for SF, or 2 per cent of a Hubble time from launch. 30 per cent
f the winds are heated to the temperature provided by SNII, and
inds are metal loaded by assigning a metallicity d Z to each wind
article via d Z = f SNII y SNII ( Z )/ MAX ( η, 1), where f SNII = 0.18 is the
tellar mass fraction lost to supernova, y SNII ( Z ) is the metal-dependent
ype II SN yield for each species and η is the mass-loading factor.
IMBA locks individual metals into dust, removing them from the 
as phase, following Li, Narayanan & Dav ́e ( 2019 ). Taking all these
spects into consideration, SIMBA predicts mass–metallicity relation 
MZR) ev olution (Da v ́e et al. 2019 ), and SF rate evolution (Katsianis
t al. 2021 ) in agreement with observations, typically as well or better
han other comparable simulations. 

SIMBA simulates black hole growth via torque-limited accretion 
Hopkins & Quataert 2011 ; Angl ́es-Alc ́azar, Özel & Dav ́e 2013 ;
ngl ́es-Alc ́azar et al. 2015 ) for cool gas and Bondi accretion for
ot gas. Black hole feedback is modeled as a mixture of kinetic
eedback and X-ray energy feedback. The kinetic mode is designed 
o reproduce the observed two-mode feedback, separated via the 
ddington fraction f Edd . In the high-accretion mode, radiative AGN 

inds are modeled by assigning outflow velocities to the gas particles
urrounding the black hole, dependent on the corresponding black 
ole mass. In the jet mode, initiated once f Edd < 0.2 and maximized
hen f Edd < 0.02, the assigned outflow velocities adopt considerably 

arger values than in the high-accretion modes, increasing with 
ecreasing f Edd . The X-ray feedback is introduced in a full-speed jet
cenario, and when the ratio M gas / M ∗ < 0.2. This involves injecting
nergy into the surrounding gas usually via a spherical outwards 
ush. In SIMBA, the accretion energy determines galaxy quenching, 
ith the jet mode feedback primarily responsible for this aspect and

he X-ray feedback contributing significantly to suppressing residual 
F. As a result of this AGN growth and feedback model, SIMBA

eproduces the observed stellar mass function evolution from z = 

 → 0, the star-forming main sequence, and quenched fractions in 
greement with observations (Dav ́e et al. 2019 ). 

Galaxies and haloes are identified in post-processing using the 
AESAR package, as described in Dav ́e et al. ( 2019 ). During the run,
articles are grouped into haloes using a 3D friends-of-friends (FoF) 
lgorithm using a linking length of 0.2 times the mean interparticle
pacing. Within each halo, CAESAR identifies galaxies using a 6D 

oF with a smaller linking length, applied to cool gas and stars only.
tellar mass and SFR are computed as the total values among all
articles grouped into a single galaxy (or halo). The metallicity is
omputed in several ways, including stellar mass-weighted (from 

tar particles) and SFR-weighted (from gas elements). Given that 
onsiderable amounts of H I can be present in extended regions
utside the star-forming regions of galaxies, CAESAR assigns each 
article to the galaxy to which it is most gravitationally bound, then
ums the total H I from those particles. H 2 is computed similarly,
hough the vast majority of H 2 lies within CAESAR galaxies. There is
ood agreement between the observations and the SIMBA simulated 
alaxy H I and H 2 fractions, as well as their scaling relations with
tellar mass (Dav ́e et al. 2020 ). 

In this work, we focus on the (100 comoving Mpc h −1 ) 3 main
IMBA run, evolved from z = 249 → 0 with 1024 3 gas elements and
024 3 dark matter particles. The minimum (adaptive) gravitational 
oftening length for this simulation is εmin = 0.5 h −1 kpc. The mass
esolution for the initial gas element and dark matter particles are
 gas = 1.82 × 10 7 M � and m DM 

= 9.60 × 10 7 M �, respectively.
his gives a minimum resolved stellar mass for galaxies as M ∗, min =
.8 × 10 8 M �, i.e. 32 gas/stellar element masses (star particles have,
n average, same mass as gas particles, m gas ). We utilize the CAESAR

atalog to infer the galaxy properties of interest, at redshifts z = 0,
, and 2 (i.e. snapshots 151, 105, and 78). We also use the feedback
ariant runs of SIMBA , which have the exact same resolution except
n a 50 Mpc h −1 box with 2 × 512 3 particles, and whose runs turn
f f indi vidual feedback modules as we will detail later. 

.2 Tracing the cosmic web with DISPERSE 

o identify filaments of the cosmic web, we use the publicly available
ode DISPERSE (Sousbie 2011 ; Sousbie, Pichon & Kawahara 2011 ),
sing the Discrete Morse theory and the theory of persistence. 
ISPERSE measures the gradient of the density field via Delaunay 
essellation (e.g. Schaap & van de Weygaert 2000 ) to identify the
ritical points, defined as the points where the gradient of the density
eld is null. Filaments are then constructed as segments connecting a
aximum to a saddle point, representing the ridges of the Delaunay

ensity field. 
We applied DISPERSE to the distribution of galaxies in SIMBA ,

dopting a 3 σ persistence threshold in order to remo v e the filaments
MNRAS 529, 2595–2610 (2024) 
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M

Figure 1. A 2D view of a 50 h −1 Mpc SIMBA simulation slice at redshift z = 0, with a slide width of 10 h −1 Mpc . The galaxies are represented by circles 
(centrals) and triangles (satellites), colour coded by their total stellar mass. The filaments extracted from DISPERSE are plotted in pink. The figure provides a 
qualitative representation of the galaxies’ distribution within the cosmic web, showing that the o v erdensities (filaments and nodes) show predominantly massive 
centrals and accompanying low-mass satellites. 
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ffected by the Poisson noise of the density distribution. As explained
n, for example, Codis et al. ( 2018 ) and Kraljic, Dav ́e & Pichon
 2020 ), we also noted that a higher threshold would result in
ore robust structures with a significant drop in the number of
laments generated, hence the 3 σ value adopted throughout this
ork represents an optimal choice. Additionally, we also applied a

moothing to the positions of the filaments’ edges, by averaging
heir positions with those of the edges of contiguous segments.
his gives rise to a smoother filamentary skeleton by reducing
nphysical filamentary shapes. These procedures generally mimic
revious works that applied DISPERSE to simulations. 
For better visualization, Fig. 1 shows the filaments extracted

ith DISPERSE and a 2D view of a SIMBA simulation at redshift
 = 0, using a slice from the 50 h 

−1 Mpc box with a width of
0 h 

−1 Mpc . The galaxies are o v erplotted (centrals as circles and
atellites as triangles), colour-coded by their total stellar masses.
his plot provides a qualitative image that the DISPERSE skeleton
enerally traces out the LSS that one picks out by eye. One can
ee further that the most massive galaxies tend to lie closer to
laments, together with their low-mass companions/satellites; this
ill be quantified in Sections 2.3 and 3.1 . 

.3 The galaxy sample 

or the purpose of this work, we quantify the galaxies’ positions
n the cosmic web via the distance to the closest filament ( d ).

ISPERSE reports the 3D positions of the filaments’ edges, which
e used to compute the minimum distance between each galaxy

nd the corresponding closest filament mid-point. This is slightly
ifferent than the perpendicular closest distance, but negligibly so
s pointed out in, for example, Tudorache et al. ( 2022 ), since each
ISPERSE filament is actually comprised of a large number of small

egments. 
As mentioned earlier, we are specifically interested in trends versus

lamentary environment within the field galaxy population. To this
nd, we remo v e all galaxies in haloes with a virial mass abo v e
0 13 M �, corresponding to removing all galaxies in structures of
oor group size and larger, and only report all statistics based on the
NRAS 529, 2595–2610 (2024) 
emaining sample of galaxies. After doing so, we end up with 27 947
entrals and 13 997 satellites at z = 0; 18 746 centrals and 8108
atellites at z = 1, 13919 centrals and 4609 satellites at z = 2. This
oes not preclude some effect on galaxies from being in the vicinity
f large haloes, so we are still including any effects associated with
re-processing outside of large haloes. None the less, such large
aloes are fairly rare, and as one can see in Fig. 1 , much of the
lamentary structure is located in regions far from the most massive
odes. 
We will further consider the impact of the environment on central

nd satellite galaxies separately. Centrals are taken to be the most
assive galaxy within its halo, and with few exceptions typically

ie within the inner 10–20 per cent of their halo. Satellites can be
mpacted by distinct physical processes such as ram pressure and
idal stripping, and although such processes have traditionally been
ssociated with group and cluster environments, it is possible that
he denser and hotter environment around filaments could also have
n impact. 

Fig. 2 shows the stellar mass distribution of satellites (blue
ots) and central galaxies (red dots), with respect to the distance
o the closest filament, for redshifts z = 0, 1, and 2 (upper left
o right panels). Corresponding lower panels show the probability
istribution of satellites (blue curve) and centrals (red). The upper
ass threshold, visible most noticeably in the z = 0 upper left plot,

omes from the aforementioned halo mass cut at M h < 10 13 M �. 
Overall, central galaxies skew to be more massi ve to wards the

lament spine. At short distances, only small satellites remain. The
mmediate proximity of filaments ( d � 0.1 cMpc) shows high-mass
entrals accompanied by their respective low-mass satellites in the
o w-redshift Uni verse, while this distribution appears to be more
pread out at redshift z = 2, indicating a dynamical evolution of
he satellite population. At all redshifts, the satellites distribution
eaks at < 1 cMpc from the closest filament, while for centrals the
orresponding peak is at a few cMpc. This reflects the trend of the
alo occupation distribution with M ∗, since M ∗ is well correlated
ith M h (e.g. Cui et al. 2021 ) and the halo occupancy rises quickly

owards higher M h . These galaxies represent the sample that we will
se for the majority of the analysis that we discuss next. 
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Figure 2. Upper panels show the stellar mass of satellites (blue dots) and centrals (red dots) versus the distance to their corresponding closest filament in 
comoving Mpc, d at redshifts z = 0, 1, and 2. Lower panels likewise present the probability distribution function of satellites (blue line) and centrals (red 
line) versus d . Within 1 cMpc there are fewer low-mass centrals and more satellites. The upper envelope visible especially at z = 0 results from our halo mass 
threshold of M h < 10 13 M �. This figure strengthtens the qualitative findigs from Fig. 1 , but also shows that the largest fraction of satellites and centrals are 
located at ∼ 1 and 10 cMpc of a filament, respectively. 
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 G A L A X Y  PROPERTIES  IN  T H E  COSMIC  W E B  

n this section, we correlate key global galaxy properties with their 
roximity to filaments as measured by d . We consider each property
n turn: M ∗, sSFR, Z ∗, f HI , and f H2 , where the latter two are the gas

ass fractions in each phase with respect to stellar mass. We also
onsider quenched fractions f Q and elliptical fractions f e . We present 
esults for z = 0, 1, and 2, separated into centrals and satellites. 

.1 Stellar mass 

he galaxy stellar masses dependence on d is shown in Fig. 3 ,
howing the medians of the binned values for redshifts z = 0 (purple),
 = 1 (maroon), and z = 2 (green). Solid and dashed lines show
entrals and satellites, respectively. The shaded regions represent 
he standard deviation on the mean in each bin, illustrating higher 
ncertainties in the filaments’ proximity owing primarily to the lower 
umber of galaxies in this region. We present the distance d in both
omoving Mpc (left panel) and physical Mpc (right panel). We also 
ompared the two choices for d for the other properties (presented 
n the following sections) and found that the trends are independent 
f this choice. Ho we ver, the former representation of fers a more
isually comprehensive description of the trends and will be retained 
hroughout this section. 

At all three redshifts considered, the masses of the central galaxies 
ecrease with increasing distance from the closest filament. Despite 
ur finding from the previous section suggesting that at z = 2 galaxies
dopt a broad range of masses in the filaments proximity, Fig. 3
hows that the median values of these masses are, in fact, higher for
alaxies closer to the filaments. This finding can be explained via 
he environmental effects on the halo mass function, which predicts 

ore massive haloes to lie closer to filaments, which then leads to
igher mass galaxies in these regions (e.g. Alam et al. 2019 ). This
ighlights that we must be careful when interpreting trends with 
istance from filaments to ensure that they are not simply reflecting 
rends with stellar mass, since one of the crucial aspects of this study
s to disentangle the effects of mass and environment on galaxy
roperties. 
The satellites curiously show a reverse trend for short distances 

i.e. within log(d/cMpc) � –1) at redshifts z = 0 and 1, as their masses
ncrease with distance. For larger distances, they also adopt a subtle
 v erall decreasing trend, considerably weaker than for centrals. No
lear trend is observed for satellites at redshift z = 2. 

In agreement with our qualitative findings from Section 2.3 , 
t appears that most massive central galaxies lie within short 
istances from the filaments and host a large number of low-
ass satellites. This finding also supports the predictions of the 

nvironmental effects on the halo mass function, as the massive 
ystems in the filaments to proximity are more likely to accrete
ore low-mass satellites. The disappearance of more massive 

atellites very close to filaments could further owe to dynamical 
ffects such as accelerated dynamical friction and tidal stripping in 
ense environments; we defer a detailed analysis of this to future
orks. For now, we note this as an interesting prediction from
IMBA . 

.2 (Specific) star formation rate 

alaxies near filaments could be enhanced in SF relative to those
 ar aw ay since there is more gas in the vicinity, or they could be
uppressed because the filaments are heated which can suppress 
ccretion. Hence, SFR pro vides a ke y barometer for the interplay
etween galaxy growth and filamentary LSS. To mitigate the fact that
alaxies closer to filaments have larger M ∗ as found in the previous
ection, we consider the sSFR, although the broad results are similar
f we consider the SFR itself. 

Fig. 4 presents the dependence of the sSFR with respect to
istance from filaments at z = 0, 1, 2. The line styles and colours
imic Fig. 3 . For all non-star forming galaxies (SFR = 0), we set

og(sSFR) = −14. Since we are considering medians, the analysis is
ot sensitive to the exact value as long as it is very low. 
MNRAS 529, 2595–2610 (2024) 
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Figure 3. Distance from filaments dependence of stellar masses for centrals (continuous lines) and satellites (dashed lines) for three redshifts: z = 0 (purple), z 
= 1 (dark red), and z = 2 (green). The lines were obtained by binning the results in terms of distance and interpolating the corresponding medians (i.e. running 
medians). The shaded regions represent the corresponding standard errors in each bin. In agreement to our qualitative findings from Section 2.3 , most massive 
centrals lie within short distances from the filaments and host a large number of lo w-mass satellites. We sho w the distance d in both cMpc (left panel) and pMpc 
(right panel), finding that the o v erall trends maintain regardless of the units of d . 

Figure 4. Distance from filaments dependence of sSFRs for centrals (con- 
tinuous lines) and satellites (dashed lines) for three redshifts: z = 0 (purple), 
z = 1 (dark red), and z = 2 (green). The lines were obtained by binning the 
results in terms of distance and interpolating the corresponding medians (i.e. 
running medians). The shaded regions represent the corresponding standard 
errors in each bin. Galaxies close to filaments show suppressed levels of SF, 
with a majority of satellites in the filaments’ proximity at redshift z = 0 being 
fully quenched. 
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As seen in Fig. 4 , central galaxies clearly show a reduction in sSFR
t close proximity to filaments at z = 1 and 0 relative to galaxies far
way from filaments. At z = 1, the dip is only seen at very small
istances ( � 30 kpc), but by z = 0 the sSFR is suppressed farther out
o ∼100 kpc. At z = 2, if anything there is a rise in the sSFR towards
laments, perhaps indicating a reversal in the SF–density relation;
e will explore this further in future work. Far away from filaments,

here is an o v erall reduction in sSFR that reflects the global decline
n cosmic SF o v er time (e.g. Daddi et al. 2007 ; Dav ́e 2008 ) primarily
ue to falling accretion rates (Dekel et al. 2009 ). Hence, the growth
f centrals via SF is clearly retarded even in filamentary regions,
ndicating evidence for pre-processing of galaxies before falling into
alaxy groups or clusters. 

Examining the satellites, at z = 0, the satellites’ median sSFR
anishes within 100 kpc of filament, indicating that more than half the
atellites are fully quenched. Then, the sSFR shows a rapid increase
ith increasing distance, converging subsequently to the same value

s centrals by ∼10 Mpc. At redshift z = 1, the sSFR for satellites
ollows that of centrals but sho ws some what more suppression
NRAS 529, 2595–2610 (2024) 
lose to filaments, while becoming similar to centrals at � 2 Mpc.
eanwhile, at z = 2, satellites show only a very mild suppression
ith respect to centrals. These trends indicate that satellites are
ore impacted by filamentary environments than centrals, albeit in
 qualitatively similar way, and the additional impact grows rapidly
rom ∼1 → 0. 

To sum up, our results show that galaxies close to filaments are
uppressed in stellar growth rates out to z � 1, with a majority of
atellites in the filaments’ proximity at redshift z = 0 being fully
uenched. Within SIMBA , it is seen that galaxy circumgalactic and
ven intergalactic media are strongly impacted by AGN jet feed-
ack (Appleby et al. 2021 ; Sorini et al. 2022 ), which thereby grows
he quenched galaxy population (Dav ́e et al. 2019 ). Our results here
uggest that AGN feedback also may be a contributor to suppressing
FRs, particularly in satellites close to filaments, although it could
lso owe to increased shock heating owing to the growth of LSS.
e will investigate further in Section 5 the effects of AGN feedback

ompared to the effects of filaments solely. We also note that the
nterplay between filaments and AGN feedback is a non-trivial topic,
laments potentially influencing the AGN feedback. There are works
uggesting that dense environments determine a deficit of the cold
as reserv oir a v ailable to trigger the AGN acti vity (e.g. Jaf f ́e et al.
015 ; Beyoro-Amado et al. 2021 ), while others suggest that the ram
ressure stripping acts as a triggering mechanism for AGNs (e.g.
oggianti et al. 2017 ; Koulouridis, Gkini & Drigga 2024 ). This topic

s abo v e the scope of this study and we aim to investigate it in future
ork. In any case, our results clearly demonstrate that both centrals

nd satellites undergo pre-processing outside of galaxy groups. 

.3 Gas content 

iven that the sSFR is suppressed towards filaments, one would
xpect that the gas contents that fuel SF would also be lowered.
or molecular hydrogen, SIMBA directly ties the H 2 content to SF,
ut for H I , this provides a reservoir on larger scales that could be
ore influenced by environmental effects. Hence, it is interesting to

xamine the molecular and atomic contents of galaxies as a function
f distance to filaments. Again, to mitigate the o v erall trend that
he gas contents increase with mass (at least among star-forming
ystems), we consider the atomic and molecular Hydrogen fractions
 HI ≡ M HI / M ∗ and f H2 ≡ M H2 / M ∗. 
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Figure 5. Distance from filaments dependence of H I (left panel) and H 2 

(right panel) content for centrals (continuous lines) and satellites (dashed 
lines) for three redshifts: z = 0 (purple), z = 1 (dark red), and z = 2 
(green). The lines were obtained by binning the results in terms of distance 
and interpolating the corresponding medians (i.e. running medians). The 
shaded regions represent the corresponding standard errors in each bin. The 
H I fraction increases with increasing distance from filaments at all three 
redshifts considered. f H2 shows similar trends at redshifts z = 0 and 1, while 
(similar to sSFR, see Fig. 4 ) showing no clear trend for f H2 versus distance 
from filament at redshift z = 2. 
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Fig. 5 shows f HI (top panel) and f H2 (bottom panel) as a function
f filamentary distance, using the same colour and line type scheme 
s the previous plots. For central galaxies (solid lines), the trends
roadly mimic that for the sSFR: Galaxies have suppressed gas 
ontents close to filaments, with that suppression increasing in 
trength and extent to wards lo wer redshifts. In detail, H 2 traces sSFR
ore faithfully, while H I even shows suppression near filaments even 

t z = 2, and a larger range of suppression. 
The satellites, ho we v er, behav e substantially differently from

SFR. At z = 2, there is little difference in f H2 between centrals
nd satellites, but for f HI the satellites show an increased suppression
ear filaments. Ho we ver, these trends tend to reverse near filaments at
ower redshifts: The satellite gas fractions are generally comparable 
o (at z = 1) or even higher ( z = 0) near filaments versus the centrals.
his is an odd turn, which may have to do with the way that the
as fractions are computed by including all gas within haloes that is
ost bound to a given g alaxy. In g alaxy groups, it has been observed

hat H I can be present throughout the group environment (e.g. Lucero
t al. 2015 ), and in our H I assignment scheme that gas may have been
ssociated with group satellites. If the same effect is happening in the
ensest regions of filaments, this H I may in detail not be associated
ith individual galaxies, but rather the o v erall environment. It is

ess easy to understand the upturn in f H2 at a low distance. This
ould partially be explained by the HI association for satellites, but 
n order to disentangle these effects and make proper predictions for
omparison to data we would need to create mock data cubes of these
ystems (as in Glowacki, Elson & Dav ́e 2021 ), which is beyond the
cope here. 

Overall, the galaxies do not seem to show as much suppression in
as content as in sSFR (more visible for satellites). Since sSFR can
e decomposed into f H2 times the SF efficiency (SFE ≡ M H2 / M ∗),
his suggests that there are variations in the efficiency of converting
as into stars, with the SFE generally being lower closer to filaments.

In summary, our results show that the H I fraction increases with
ncreasing distance from filaments at all three redshifts considered, 
ith satellites at redshift z = 0 showing an initial decrease in gas

ractions near filaments. f H2 shows similar trends at redshifts z =
 and z = 1, while (like sSFR) showing no clear trend for f H2 

ersus distance from filament at redshift z = 2. The satellites show
 curious increase in gas fractions at z ≤ 1 very close to filaments,
hich may owe to analysis methodology, and highlights the difficulty 
f unambiguously assigning particularly H I to galaxies in dense 
nvironments. 

.4 Metallicity 

nother key global galaxy property is its metallicity. Galaxies are 
nown to have a strong correlation of M ∗ with Z known as the
ZR (e.g. Trager et al. 2000 ; Tremonti et al. 2004 ; Maiolino &
annucci 2019 ). This is believed to be set by a competition between

ristine inflow diluting metallicity , SF enhancing metallicity , out- 
ows removing metals, and the re-accretion of outflows providing 
n additional source of metals (e.g. Finlator & Dav ́e 2008 ; Dav ́e,
inlator & Oppenheimer 2012 ). Particularly, the latter effect could 
e impacted by environment, because the gas in denser regions may
e more enriched from previous star formation activity and may 
etard outflows leading to more re-accretion. For satellites in denser 
e gions, one e xpects there to be less pristine inflow and more enriched
ecycling, leading to higher metallicities; indeed, this is found in 
imulations (e.g. Dav ́e, Finlator & Oppenheimer 2011 ). These trends
re for the gas-phase metallicity, but models generally predict the 
tellar metallicity traces this reasonably well. Here, because we 
ant to compare across both gas-rich and gas-poor galaxies, we 
ill employ the stellar metallicity ( Z ∗) versus filamentary distance

ince this can be computed for all galaxies. 
Fig. 6 shows the median Z ∗( d ), using the same colour and line

cheme as in previous plots. In all cases, the metallicities are o v erall
igher in the filaments proximity. Given the MZR, or even the
undamental metallicity relation (FMR, Mannucci et al. 2010 ), our 
esults can be explained via the higher mass and low SFR galaxies
resent in the filaments’ proximity. 
The centrals show an abrupt drop in metallicity when moving away

rom filaments, and the differences between centrals and satellites, 
n this case, are less obvious compared to the previous quantities
Section 3.2 ). In general, the satellites have slightly lower metallicity,
ut this is likely most explained by their lower M ∗. However,
hen comparing to Fig. 3 and considering the MZR, this similarity
etween centrals and satellites is actually somewhat surprising. This 
s because the satellites’ median M ∗’s are quite flat with distance, yet
heir metallicity continues to increase strongly towards filaments just 
ike the centrals. This indicates that there is a strong effect from the
uppression of SFR (i.e. the FMR), and perhaps also an effect from
he environment. 

Additionally, the trends observed appear to be weaker at low 

edshift. A possible explanation for this might be the steeper mass–
etallicity correlation observed in SIMBA at high redshift, z ∼ 2 
MNRAS 529, 2595–2610 (2024) 



2602 T.-E. Bulichi, R. Dav ́e, and K. Kraljic 

M

Figure 6. Distance from filaments dependence of stellar metallicities for 
centrals (continuous lines) and satellites (dashed lines) for three redshifts: 
z = 0 (purple), z = 1 (dark red), and z = 2 (green). The lines were 
obtained by binning the results in terms of distance and interpolating the 
corresponding medians (i.e. running medians). The shaded regions represent 
the corresponding standard errors in each bin. Galaxies close to filaments are 
more metal-enriched, the centrals and satellites showing similar behaviours. 
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Figure 7. Distance from filaments dependence of quenched fractions (left 
panel) and elliptical fractions (right panel) for centrals (continuous lines) and 
satellites (dashed lines) for three redshifts: z = 0 (purple), z = 1 (dark red), 
and z = 2 (green). The lines were obtained by binning the results in terms of 
distance and interpolating the corresponding medians (i.e. running medians). 
Galaxies close to filaments are more elliptical and quenched at low redshift, 
the trends being more prominent for satellites. 
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see Dav ́e et al. 2019 ). Ho we ver, the change is quite dramatic from
 = 1 → 0, with galaxies far from filaments being much more
nriched at late times. This suggests another effect, such as wind
ecycling of enriched materials even far from filaments, being more
mportant since z ∼ 1. We plan to investigate the detailed evolution
f metallicity as a function of environment in future work. 
In short, our results show that galaxies close to filaments are
ore metal-enriched, the centrals and satellites showing similar

ehaviours. The trend with the satellites, combined with the lack
f a trend in M ∗ in contrast with the dramatic evolution in satellites’
FR, suggests that the FMR is an important driver in setting the
nvironmental trends. The trend substantially weakens by z = 0,
wing to some complex interplay between the environment and the
arious physical processes go v erning galaxy metallicities. 

.5 Quenching and morphology 

e have seen that galaxies, and satellites in particular, have lower
SFRs near filaments at z � 1. Another way to quantify this is
sing the quenched fraction f Q , which we compute via the Williams
t al. ( 2009 ) UVJ diagram. Quenching is also well-known to be
orrelated with morphology. Hence, we also examine the elliptical
raction f e , which we define using the fraction of kinetic energy
n rotation (Sales et al. 2012 ) since Kraljic, Dav ́e & Pichon ( 2020 )
ound that this was the most well-correlated measure reflecting visual
orphology in SIMBA . We chose a threshold of 0.3, meaning that

alaxies with a smaller fraction of kinetic energy in rotation are
onsidered elliptical, but varying this from 0.25 or 0.35 does not
ffect the results significantly. 

Fig. 7 shows the galaxies’ quenched fraction ( f Q , top panel) and
lliptical fraction ( f e , bottom panel) as a function of distance from
lament, using the same scheme as in previous plots. We note that the
istance range adopted for this analysis is smaller than in the previous
ases. This is because at large enough distances from filaments
log( d /cMpc) � 0.5) the corresponding behaviours are reasonably
ell converged. 
As expected from Section 3.2 , both centrals and satellites are
ore quenched close to filaments. A decreasing trend is not visible

t redshift z = 2, but becomes prominent at z ≤ 1. The quenched
NRAS 529, 2595–2610 (2024) 
raction increases with time, which follows the trend seen in the
 v erall galaxy population in SIMBA , as well as in observations. 
The trend is similar for both centrals and satellites, but the satellites

ave a higher overall f Q . Within � 100 ckpc of filaments at z = 0,
90 per cent of satellites are quenched, as opposed to ∼ 70 per cent

f centrals. This shows again the important role that the environment
lays in quenched satellite galaxies, which is already prominent
round filamentary structures. At z = 2, ho we ver, little dif ference is
een between the central and satellite quenched fractions. Hence, the
nvironmental effects are restricted to lower redshifts, where LSS
auses more shock heating and AGN feedback provides significant
nergy into the IGM in SIMBA . These findings echo our results
rom Section 3.2 , quantified in a different way that provides another
estable prediction from SIMBA . 

In general, f e increases with time, and the satellites’ f e are higher
han that of the centrals, with the difference between them also grow-
ng with time. Ho we ver, the elliptical fraction as defined here shows
 v erall less evolution than the quenched fractions, and particularly
t z ≤ 1 the elliptical fractions for centrals very close to filaments
how no evolution. At large distances, centrals and satellites show
imilar elliptical fractions. In general, it is more difficult to compare
ur elliptical fractions defined via κ rot to observations since this is
ot so easy to measure, but this at least qualitatively demonstrates
hat, in general, SIMBA galaxies become less rotationally supported
ith time and proximity to filament. 
To sum up, our results show that galaxies close to filaments are
ore elliptical and quenched, the trends being more prominent for
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Figure 8. Distance from filaments dependence of the sSFRs’ deviations from 

the SFMS for centrals (continuous lines) and satellites (dashed lines) for three 
redshifts: z = 0 (purple), z = 1 (dark red), and z = 2 (green). The lines 
were obtained by binning the results in terms of distance and interpolating the 
corresponding medians (i.e. running medians). The shaded regions represent 
the corresponding standard errors in each bin. The centrals show an increasing 
suppression of SF activity with time very close to filament centres, with no 
strong trend at z = 2 while by z = 0 the typical galaxy at the centre of a 
filament is quenched. The satellites likewise show a strong trend with redshift, 
with suppression of SF activity extending to quite large distances by z = 0 
(see also Fig. 4 ). 
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atellites. For both centrals and satellites, the quenched fraction is 
imilar at redshift z = 2, although the elliptical fractions are still a bit
igher for satellites at z = 2. The higher elliptical fraction suggests
alaxies that are likely to be more massi ve, passi ve, and metal-
nriched, with lower gas content, tend to have less rotational support,
oncordant with the results noticed in previous sections (Section 3.1 –
.4 ). The fact that f e and f Q do not mimic each other exactly even
ualitatively in their trends with d and redshift suggests that quench- 
ng and morphological transformation are not happening in exactly 
he same galaxies at the same time within SIMBA . Ho we ver, the
rudeness of the morphological measure begs further investigation to 
isentangle the relation between quenching and morphology, perhaps 
equiring higher resolution simulations capable of resolving the scale 
eight of typical disks. 

 D E V I AT I O N S  F RO M  T H E  SCALING  

E L AT I O N S  

e have seen that proximity to DISPERSE -identified filaments has 
he effect of lowering SF and gas content, raising the metallicity, and
ncreasing the elliptical fraction of galaxies at z � 1, effects that are
nhanced amongst satellite galaxies. Ho we ver, these ef fects with d
re qualitatively degenerate with stellar mass – that is, galaxies with 
igher mass which tend to be found closer to filaments also share
hese general trends. Thus it is important to examine whether the 
ffects are truly due to the location in the cosmic web. 

To do this, as mentioned earlier, in this section, we investigate 
any of the same quantities and their trends with d , but now at fixed

tellar mass M ∗. For this purpose, we compute the deviations of the
uantities of interest from their scaling relations with stellar mass, 
pecifically the star formation main sequence (SFMS), MZR, and the 
 I and H 2 fractions relations with M ∗. By comparing these to the

orresponding ones in the previous section, we can see how much of
he effect owes to its stellar mass dependence and how much owes
o the impact of filamentary LSS. 

.1 Deviation from star-forming main sequence 

he (specific) SF rate is expected to have a clear dependence on mass
ia the SFMS (see e.g. Noeske et al. 2007 ), which, as mentioned
n Section 2.1 , is reasonably reproduced in SIMBA . We obtain the
FMS by fitting the medians of sSFR in bins of M ∗ for all star-
orming galaxies defined as log(sSFR/yr −1 ) > −10.8 + 0.3 z, same
s in Dav ́e et al. ( 2019 ). We have kept our definition of star-forming
alaxies simple despite there being more sophisticated ways to 
efine the SFMS (see e.g. Hahn et al. 2019 ) in order to be more
traightforwardly comparable with observations in the future. For 
nstance, changing the z = 0 threshold from −10.5 → −11 has little
ffect on the results, since we are only concerned with the relative
eviation of galaxies near filaments versus those of the o v erall galaxy
opulation. 
Fig. 8 shows the deviation from the SFMS ( 
 log sSFR) as a

unction of d at z = 0, 1, 2, for centrals (solid) and satellites (dashed).
his can be compared to Fig. 4 , which shows the corresponding plot

or sSFR itself. 
Overall, the trends look qualitatively, and for the most part 

uantitatively, similar to those for sSFR: the centrals show an 
ncreasing suppression of SF activity with time very close to filament 
entres, with no strong trend at z = 2 while by z = 0 the typical galaxy
t the centre of a filament is quenched. The satellites likewise show a
trong trend with redshift, with suppression of SF activity extending 
o quite large distances by z = 0. This indicates that the effects in
SFR seen previously do not owe primarily to any mass dependence 
n galaxies as a function of d . 

In detail, the trends in 
 log sSFR are slightly weaker than those
een in sSFR. For instance, at z = 0, the central galaxies close to
laments lie ∼1 dex below those at z = 2 in 
 log sSFR, while in
ig. 4 the difference is closer to ∼2 dex. But much of that difference

s explained by the fact that sSFR’s at z = 2 are generally higher than
t z = 0. We conclude that the trends in M ∗ as a function of d are
ot an important factor in establishing the suppression of SF activity
ear filaments and that such effects genuinely owe to environmental 
ffects from the cosmic web. 

.2 Distance from H I and H 2 mean relations 

he H I and H 2 fractions are known to have a clear dependence on
alaxy stellar mass (e.g. Obreschkow & Rawlings 2009 ; Catinella 
t al. 2010 ; Maddox et al. 2015 ). SIMBA reproduces these trends
airly well, as shown in Dav ́e et al. ( 2020 ). We obtain the underlying
caling relations by fitting a running median of each gas fraction as
 function of M ∗. This then allows us to compute the corresponding
eviations 
 log( M HI / M ∗) and 
 log( M H 2 / M ∗). 
Fig. 9 shows these quantities 
 f HI and 
 f H2 as a function of

istance from filament d , at z = 0, 1, and 2 for centrals and satellites.
his plot can be compared to Fig. 5 , which uses the same line style
cheme. 

Unlike 
 sSFR discussed in the previous section, there are 
oticeable differences between 
 f HI and 
 f H2 versus d and the
orresponding trends in the gas fractions themselv es. F or central
alaxies, f HI and f H2 both show clear declines towards filaments, but
he declines are much weaker or absent when considering 
 f HI and
 f H2 . Indeed, at z = 2, the gas fractions at a given M ∗ are actually

nhanced close to filaments, and this remains true for H I even at z =
. At z = 1, there is an odd feature, present in both gas fractions as
ell as the sSFR, which is difficult to explain and may owe to small
umber statistics. That aside, it appears that at high redshifts, the
lamentary LSS brings in more cool gas to supply galaxies, rather

han suppressing it via shock heating. Overall, the central galaxies do
MNRAS 529, 2595–2610 (2024) 
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Figure 9. Distance from filaments dependence of the H I (left panel) and H 2 

(right panel) fractions’ deviations from the corresponding scaling relations 
with mass, for centrals (continuous lines) and satellites (dashed lines) for 
three redshifts: z = 0 (purple), z = 1 (dark red), and z = 2 (green). The lines 
were obtained by binning the results in terms of distance and interpolating the 
corresponding medians (i.e. running medians). The shaded regions represent 
the corresponding standard errors in each bin. Satellites are depleted in H I at 
a given M ∗ near to filaments at all three redshifts considered, z = 0, 1, and 2, 
while f H2 at a given M ∗ is not significantly depleted. 
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close to filaments show significantly higher metallicities than the MZR 
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ot show any significant suppression of gas contents near filaments.
e also note here that the trends for centrals are flatter than for

atellites and also compared to the trends found in the previous
ection when looking at the deviations from the SFMS (Fig. 8 ).
o we ver, e ven though the deviations here are relatively small, they

re statistically significant, as illustrated by the shaded regions. 
For satellites, 
 f HI shows significant suppression towards fila-
ents, following similar trends for f HI , including the upturn in H I

ontent close to filaments at z = 0. This indicates that for H I , the
ass dependence of satellites is not critical in establishing trends of

as fractions with d . 
In contrast, satellites show decidedly less amounts of suppression

n 
 f H2 close to filaments than f H2 . This is particularly surprising
ince sSFR and 
 sSFR both show significant suppression, and the
 2 content is directly responsible for feeding SF. This shows that the
olecular gas fractions have a stronger M ∗ dependence which yields
ore significant trends with d in f H2 than in 
 f H2 . Combined with

he variations in SF efficiency discussed in Section 3.3 , this leads to
 lack of a strong trend in 
 f H2 ( d ). 

To sum up, we can state that satellites are depleted in H I , relative
o centrals, at a given M ∗ near to filaments at all three redshifts
onsidered, z = 0, 1, and 2. In contrast, f H2 at a given M ∗ is not
ignificantly depleted. Meanwhile, centrals show only weak trends,
ith a hint of an enhanced gas content close to filaments particularly

t higher redshifts. With respect to quenching, it can be seen that
NRAS 529, 2595–2610 (2024) 
he gas depletion for satellites starts at higher redshifts than the SF
uppression (Section 4.1 ), in agreement with the recent results of
asan et al. ( 2023 ). This may be expected as gas removal does not

mmediately result in reduced SF, hence we expect the gas depletion
o start at earlier epochs. 

.3 Deviations from mass–metallicity relation 

e likewise investigate the deviations from the MZR. As mentioned
n Section 2.1 , the MZR in SIMBA is seen to be in good agreement with
bservational results at all three redshifts considered in this study.
e compute the MZR by fitting a running median for the mass–
etallicity distribution of all the galaxies considered (both centrals

nd satellites), and then we compute the deviation 
 MZR from this
t for each galaxy, interpolated to its M ∗. As previously discussed in
ection 3.4 , we examine the mass-weighted stellar metallicity here. 
Fig. 10 shows 
 Z ∗ with respect to the distance from filaments d .

his can be compared to the plot of Z ∗( d ) shown in Fig. 15 , which
mploys the same colour scheme. 

The trends in 
 Z ∗( d ) are noticeably different than for Z ∗( d ). Most
bviously, centrals show essentially no trend of 
 Z ∗ with d at any
edshift, whereas there was a strong trend of metallicity increasing
loser to filaments. The implication is that the trend seen in the MZR
wes entirely to the fact that more massive centrals live closer to
laments, and intrinsically there is no effect of centrals’ metallicity
aused by LSS. Given that the sSFR is significantly impacted, the
mplication is that the FMR (Mannucci et al. 2010 ) is in SIMBA

redicted to be dependent on location within the cosmic web. We
im to explore a comparison of this prediction to observations in
uture work. 

The satellites, in contrast, continue to show a significant depen-
ency of metallicity with d at all redshifts. None the less, one sees
ignificant differences comparing the trends in the dashed lines in
ig. 6 versus Fig. 10 . For instance, at z = 0, Z ∗( d ) shows a very
at dependence, while 
 Z ∗( d ) shows essentially no deviation until
eaching very close to the filament centre, and then a strong upturn.
he trends at z = 1, 2 are more similar between these two quantities

n terms of the trend, although the o v erall evolution of the MZR is
emo v ed by considering 
 Z ∗. 
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Figure 11. Distance from filaments dependence of the sSFRs’ deviations 
from the SFMS for centrals (continuous lines) and satellites (dashed lines) at 
redshift z = 0. The green lines represent no feedback scenarios, while the 
purple lines resulted from the full SIMBA runs (same as the purple lines in 
Fig. 8 ). The lines were obtained by binning the results in terms of distance and 
interpolating the corresponding medians (i.e. running medians). The shaded 
regions represent the corresponding standard errors in each bin. Galaxies have 
sSFR suppressed near filaments even when feedback is excluded, suggesting 
that LSS heating is the dominant primary of the suppression. 

Figure 12. Distance from filaments dependence of the sSFRs’ deviations 
from the SFMS for and satellites at redshift z = 0, in different feedback 
scenarios: no feedback (green lines) – same as in Fig. 11 ; no AGN (yellow 

lines); no jet (blue lines); no X-ray feedback (red lines); and full run (purple 
lines) – same as in Figs 8 and 11 . The lines were obtained by binning the results 
in terms of distance and interpolating the corresponding medians (i.e. running 
medians). Note that no errors are plotted, due to the lines being very close 
to each other, but the approximate size of the errors in these determinations 
can be inferred from Fig. 11 . Among feedback processes, AGN feedback 
has the most significant impact on providing extra suppression of sSFR near 
filaments. 
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To sum up, our results show that only satellites are more metal-
nriched than the MZR predictions in filaments’ proximity, at all 
edshifts considered. A plausible explanation relies on the FMR, 
i ven the lo w le vels of SF at fixed stellar mass for satellites
lose to filaments (Section 4.1 ). We note, ho we ver, that satellites
o not sho w e vidence of strong SF suppression at redshift z =
, which again suggests that the FMR is not invariant with the
nvironment. We speculate that this finding might be caused by the 
arly chemical enrichment expected to primarily influence satellites 
n dense regions, as reported in, for example, Bah ́e et al. ( 2017 ) and
rban et al. ( 2017 ). Meanwhile, centrals at a gi ven M ∗ sho w no

nhancement close to filaments. 
Overall, for redshift z = 0 and 1, we have seen that there is a

ignificant effect on many galaxy properties close to filaments, with 
he effects being much stronger for satellite galaxies than for centrals. 
lose to filaments, galaxies (particularly satellites) tend to be less 

tar-forming, less gas-rich, more metal-rich and are more likely to be 
uenched and dispersion-dominated. In detail, the suppression in gas 
ontent (and particularly f H2 ) is not as strong as seen for sSFR, and the
tellar metallicities are not impacted by location in the cosmic web 
nce the mass dependence of the MZR is taken out. These predictions
rovide a comprehensive view of the growing impact of filaments on 
alaxies, which could potentially be compared to observations. 

 SI M BA FEEDBACK  VA R I A N T S  

n the next two sections, we investigate the underlying cause(s) of
h y g alaxies near filaments have systematically different properties. 
e focus on the suppression of SF since this is the clearest trend,

nd is correlated with the trends in other properties. As discussed
arlier, two possibilities for why the sSFR is lower near filaments are
hat it owes to shock heating from LSS, or feedback heating from
ither SF or AGN. In particular, AGN feedback is circumstantially 
mplicated because the environmental effects become strong at z � 2 
nd particularly at z � 1, which matches up with the era in which
GN feedback increasingly quenches galaxies. 
With the SIMBA suite, we have an opportunity to directly test the

mpact of feedback mechanisms on galaxy properties in the cosmic 
eb using the feedback variant runs. In this section, we investigate 

he SF properties of central and satellites at redshift z = 0, in the
ase when individual feedback modes of SIMBA are turned off as
escribed by Section 2.1 . These runs, done in a (50 h −1 Mpc) 3 volume
ith otherwise the same resolution and input physics as the main 

100 h −1 Mpc) 3 volume run, exclude feedback modes one at a time. 
The main moti v ation behind this analysis is, on the one hand, to

ain a better understanding of the main causes of quenching found 
n Sections 3.2 and 4.1 , but also to separate the potential cosmic web
ffects from the feedback ones. As explained in Section 4 , we chose
o present the results here as deviations from their corresponding 
caling relations with stellar mass, in order to minimize the mass
ffects on our findings. We computed the SFMS for each feedback 
ariant and then calculated the corresponding deviations. The SFMS 

s dependent on feedback, given that all the various feedback channels 
mplemented in SIMBA can suppress the SF. For a more detailed 
escription of these effects, we direct the reader to Dav ́e et al. ( 2019 ).
Fig. 11 presents the deviations from the SF main sequence with 

espect to distance from filaments, when feedback is excluded (green 
ines) with the previous results from Section 4.1 (Fig. 8 ) o v erplotted
or reference (purple lines). As before, the satellites are represented 
y dashed lines and centrals by solid lines. It can be seen that
hen feedback is not included, SF suppression is still evident in 

he filaments’ proximity, this effect being stronger for satellites. 
In order to gain a better understanding of how/where feedback 
mpacts SF, Fig. 12 shows the deviations from the SFMS for satellites
t redshift z = 0 in different feedback scenarios. Note that no errors
re shown in this plot, due to how close the lines are, but the
pproximate size of the errors in these determinations can be inferred
rom Fig. 11 . It can be seen that in all cases, SF is suppressed for
 broader range of distances when some feedback is included, with
GN feedback having the stronger contribution in the filaments’ 
roximity. 
It is worth mentioning that when feedback is excluded, the 

istance range for which SF is suppressed is shorter than in the
ull run/partial feedback cases, as only galaxies in the immediate 
roximity of filaments (i.e. log( d /cMpc) � –1.4) sho w e vidence of
F suppression. This finding shows that feedback effects play indeed 
MNRAS 529, 2595–2610 (2024) 
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Figure 13. The deviations of the sSFR from the SFMS dependence on the 
distance to the closest massive halo ( M h > 10 13 M �) for centrals (continuous 
lines) and satellites (dashed lines), at redshift z = 0. The galaxies outside 
filaments ( d > 1 cMpc) are considered separately, represented by the magenta 
lines. In addition to the halo effects, filamentary environments also play a 
non-negligible role in sSFR suppression. 
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 role in quenching, ho we ver, for galaxies close to filaments we need
 different explanation for the suppressed levels of SF. 

 T H E  COSMIC  W E B  A RO U N D  MASSIVE  

A L O E S  

s explained in Section 3 , we have only studied galaxies within
on-group haloes ( M h ≤ 10 13 M �) in order to a v oid the influence
f massive haloes on the galaxy properties in the resulting cosmic
eb. Ho we ver, the mass and spatial range o v er which massiv e haloes

nfluence surrounding galaxies remains uncertain. For instance, Ga-
or & Dav ́e ( 2015 ) showed that galaxies can undergo ‘neighbourhood
uenching’ out to several virial radii, owing to elongated satellite
rbits or being within the shock-heated region around a massive
alo that can extend beyond the halo virial radius for quite massive
ystems. 

Similarly, Bah ́e et al. ( 2012 ) and Wetzel, Tinker & Conroy ( 2012 )
nvestigated how the haloes’ effects on quenching vary with distance,
nding a non-trivial connection. Specifically, Bah ́e et al. ( 2012 )
ound that confinement pressure by the intracluster medium can
ead to an increase in the mass of hot g as, hence g alaxy quenching
eing a competition between ram-pressure stripping and confinement
ressure. Wetzel, Tinker & Conroy ( 2012 ) also found that haloes can
uench galaxies even outside the virial radius, this effect fading out
t ∼ two virial radii. Overall, the effects haloes have on galaxy
uenching are complex and still a debated topic in the literature (e.g.
chawinski et al. 2014 ; Zolotov et al. 2015 ; Behroozi et al. 2019 ). 
In this section, we igim to explore ho w massi ve haloes impact

heir surroundings in relation to the cosmic web. Specifically, we
nvestigate further the quenching trend found near filaments in
he previous sections (Sections 3.2 and 4.1 ), contrasted versus the
nfluence of simply being near a massive halo regardless of the
elation to a filament. Certainly, we expect the massive halo to be the
ominant environmental influence in its vicinity, ho we ver, we would
ike to determine if there is an additional influence from being close
o a filament near the massive halo. 

.1 Star formation near massi v e haloes 

ig. 13 sho ws ho w the deviations of the sSFR from the SFMS for
he galaxies in our sample varies with the distance from the closest
NRAS 529, 2595–2610 (2024) 
assive halo ( M h > 10 13 M �), normalized by the virial radius R vir 

f each corresponding closest massive halo, at z = 0. We define the
irial radius as enclosing 200 times the critical density. We note that
atellites can be found within distances as small as ∼0.1 R vir of a
assive halo. This happens for satellites located within the outskirts

f their host halo and in the neighborhood of a massive halo. This
s not the case for centrals, since they are located at the centre of
heir host haloes. In the purple lines, we show the results for the
entrals (solid) and satellites (dashed) within 1 cMpc of a filament.
n the magenta lines, we show those galaxies selected to be away from
laments, at a distance of at least 1 cMpc of a filament. Changing this

hreshold value does not qualitatively change the results, but lowering
t makes the curves noisier due to the small number statistics while
aising it lessens the effect. The fraction of all galaxies within 1 cMpc
f a filament is 46.24 per cent. 
Fig. 13 shows, as expected, that the sSFR is suppressed in the

roximity of massive haloes, more so for satellites than centrals.
entrals converge towards the global SFMS beyond a few R vir from
assi ve haloes, sho wing that galaxies’ SF is impacted even outside

he virial radius, though modestly so. For satellites, the impact is
ore dramatic, and clearly extends out to ∼2 R vir . 
A curious feature seen in the centrals close to filaments is that the

SFR does not monotonically deviate from the global main sequence
hen going close to the halo centre. Instead, the deviation from the

SFR lessens at small radii. On the one hand, these galaxies are more
uenched; hence, their sSFR is lower compared to the other centrals
n the sample. On top of this, they are also more massive because

assive galaxies tend to cluster around the most massive haloes,
ue to the stellar-to-halo mass relation (SFMR, see e.g. Moster et al.
010 ; Girelli et al. 2020 ). Hence, the centrals close to filaments and
lso close to the centre of a massive halo ( ∼1 R vir from the massive
alo’s centre) tend to lie significantly below the SFMS. It is also true
hat the small-number statistics can influence our results, but none
he less the o v erall trend is consistent within the standard error. 

Comparing between the galaxies 1 cMpc within/outside of fila-
ents, we see that the broad trends are similar whether close to
laments or not. Hence, the dominant environmental effect around
assive haloes is set by proximity to the halo. However, there

re noticeable differences. For instance, central galaxies outside
laments remain close to the global sSFR well within haloes, while

hose within 1 cMpc of a filament are suppressed in SFR. It appears
hat being in a filament may initially shield a galaxy from the
nvironmental effects of shock-heated gas generated by the massive
alo, but eventually ends up seeing an increased suppression in sSFR
rom being near a filament. Meanwhile, satellites show a modest but
istinct effect, in that being near a filament causes a cessation of SF
t a slightly larger radius. 

We conclude that the location within the cosmic web has a
on-negligible albeit sub-dominant effect on SF in galaxies around
assive haloes. While in general SF is increasingly suppressed closer

o big haloes, filaments appear to play a role too, suppressing SF
urther in their vicinity. For satellites near filaments, the effects
round central galaxies extend slightly further out as compared
o satellites not near filaments. These subtle environmental trends
rovide interesting directions for future work to both see if this is
etectable in observations and to compare to other models. 

 C O M PA R I S O N S  WI TH  E AG L E  A N D  T N G  

tate-of-the-art cosmological simulations today tend to do a good
ob reproducing the stellar contents of galaxies, often because they
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Figure 14. Distance from filaments dependence of the sSFRs’ deviations 
from the SFMS for all galaxies computed in EAGLE (orange line) and 
IllustrisTNG (blue line). The lines were obtained by binning the results 
in terms of distance and interpolating the corresponding medians. All the 
determinations are made for redshift z = 0. sSFR is significantly suppressed 
near filaments in all models, with a broad agreement between EAGLE, 
IllustrisTNG, and SIMBA, modulo differences at d ∼ 100 kpc. 
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Figure 15. Distance from filaments dependence of the stellar metallicities’ 
deviations from the MZR for all galaxies computed in EAGLE (orange line) 
and IllustrisTNG (blue line). The lines were obtained by binning the results 
in terms of distance and interpolating the corresponding medians. All the 
determinations are made for redshift z = 0. Galaxies in all simulations 
are more metal-enriched (mainly satellites) in the filaments proximity, but 
IllustrisTNG and SIMBA show strong increases close to filaments, while 
EAGLE shows only a modest increase. 
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1 We note that the underlying MZR in these three models are quite different in 
both shape and amplitude, owing to differences in assumed yields, feedback 
efficiencies, and metal loading. It is beyond the scope of this work to examine 
in detail the origin of these variations; here, we aim to mitigate the effects 
of such differences by considering only the deviations from the MZR self- 
consistently computed within each simulation. 
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re tuned to match the global stellar mass function. Ho we ver,
ifferent models achieve this agreement using very different feedback 
rescriptions, which could have differing effects on galaxy sub- 
opulations. In this section, we compare our main findings with 
AGLE and ILLUSTRISTNG simulations, to assess how different 

heir predictions are in terms of galaxies around filaments, towards 
otentially using this as a way to discriminate between models. Both
AGLE and ILLUSTRISTNG show similar stellar mass functions 
nd SFMS (see fig. 2 in Dav ́e et al. 2020 ). We also investigated
he M ∗ dependence on d and found that the o v erall trend agrees
etween the three simulation suites – i.e. the stellar masses decrease 
hen mo ving a way from filaments. Ho we ver, due to the dif ferent

atellites/centrals prescriptions in the three simulation suites, we 
annot draw definite conclusions regarding the differences between 
heir stellar mass distributions around filaments and limit at saying 
hat the o v erall trend agrees between the three simulations. We
ocus on the deviations from the SFMS and MZR, as these are
he quantities publicly available for both these models, and are 
xpected to provide reliable results, given that they incorporate the 
ass effects. The subsequent plots in this section show the combined 

rends of centrals and satellites (i.e. we do not distinguish between 
hem). 

For both EAGLE and ILLUSTRISTNG , we identified filaments by 
pplying DISPERSE to their galaxy catalogs exactly as described 
n Section 2.2 . Additionally, we used the same mass cuts as for
he previous analysis – the lower stellar mass limit comes from the 
IMBA resolution and the upper limit from the halo mass cut (see
ection 2.1 ). As before (Section 3.2 ) for all the galaxies showing
 null SFR, we set log (sSFR/yr −1 ) = –14 and we compute the
FMS based on the galaxies with log (sSFR/yr −1 ) > −10.8 + 0.3 z
see Section 4.1 ). Using this DISPERSE skeleton, we investigate 
he o v erall trends of all galaxies (centrals and satellites) at redshift
 = 0 among these two models and compare to our results from
IMBA . 
Fig. 14 shows 
 sSFR versus filamentary distance d at z = 0 for

IMBA (grey), IllustrisTNG (blue), and EAGLE (orange). Errors on 
he running medians are indicated by the shaded regions. 

In general, all models predict a strong departure towards quenched 
alaxies when within � 100 ckpc of a filament. Ho we ver, the details
f trends show significant differences. The decline in SIMBA is much 
ore gradual than for EAGLE and IllustrisTNG, which show a very
apid transition from all galaxies being essentially on the SFMS to
ll galaxies being quenched. In SIMBA , this occurs for the satellites,
ut less so for the centrals (see Fig. 8 ). This suggests that the typical
SFR or quenched fractions in central galaxies ∼100 ckpc away from
laments may be a good discriminator between models. 
Fig. 15 presents the metallicity trends, investigating as before the 

eviation of the stellar metallicity from the stellar MZR with distance
rom the nearest filament. In this case, the differences are only
trongly visible out to a few tens of kpc from the filament, and SIMBA

nd IllustrisTNG show substantial increases in Z ∗ while EAGLE 

hows almost none. 1 It is further interesting that the deviations 
rom the global mean relations extend much farther out in sSFR
han in Z ∗, showing that the two quantities are not simply inversely
orrelated via some sort of stellar FMR, but rather have a more
omplex relationship. These predictions provide clear testable ways 
o distinguish between models if stellar metallicities can be measured 
or such samples. 

To sum up, o v erall we see general agreement between the
rends resulting from EAGLE , ILLUSTRISTNG and SIMBA in sSFR, 
nd Z ∗. Specifically, we find that galaxies close to filaments are
ess star-forming and more metal-enriched, though only satellites 
re expected to lie abo v e the MZR predictions in this region
see Section 4.3 ). These results strengthen the hypothesis of 
ore quenched galaxies in the filaments’ proximity, as noticed 

n the previous sections (Sections 3 –5 ). None the less, there
re some distinct differences that could potentially be testable 
ith present-day or upcoming large spectroscopic surv e ys. In the

uture, we will investigate how these trends are diluted when 
onfronted with observational limitations such as redshift space 
istortions. 
MNRAS 529, 2595–2610 (2024) 



2608 T.-E. Bulichi, R. Dav ́e, and K. Kraljic 

M

8

U  

w  

w  

d  

h  

i  

w  

o  

w  

t  

o

 

m  

fi  

a  

C  

i  

i  

W  

e  

q  

s  

c
 

f  

d  

T  

i  

s  

o  

f  

n  

f  

i  

e  

w  

a  

g

a  

d  

B  

s  

C  

(  

g  

c  

a  

r  

m  

c  

s  

r
 

c  

a  

(  

i  

c

 

a  

c  

q  

f  

0  

t  

t  

s  

b
 

c  

q  

t  

i  

m  

t  

fi  

n  

g  

o  

d  

m  

t  

o
 

c  

i  

e  

t  

n  

t  

o  

h
 

a  

a  

v  

fi  

t  

t  

f  

s  

s  

a  

m
 

I  

m  

s  

s  

w  

s  

i  

s  

a  

p

 

s  

s  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2595/7623622 by guest on 27 M
arch 2024
 SUMMARY  

sing SIMBA simulations and the cosmic web extractor DISPERSE ,
e have investigated how galaxy properties depend on their location
ith respect to the filaments spines of the cosmic web. We have
one so at various redshifts from z = 2 → 0, and have examined
ow these trends are go v erned by specific modes of feedback as
mplemented in SIMBA . We have specifically excluded the cosmic
eb within haloes of M h > 10 13 M � so as to focus on environments
utside of galaxy groups. We also compared SIMBA ’s predictions
ith those from EAGLE and ILLUSTRISTNG results derived using

he same methodology with the same mass cuts. The main findings
f this work are summarized as follows: 

(i) Central galaxies close to filaments have typically higher stellar
ass and are surrounded by more satellites than those far away from
laments, similarly at all redshifts considered z = 0, 1, and 2 (Figs 2
nd 3 ), in agreement with various previous literature results (e.g.
hen et al. 2017 ; Malavasi et al. 2017 ; Kraljic et al. 2018 ). It is

mportant to control for these variations in mass and halo occupancy
n order to isolate the ef fects o wing to the cosmic web environment.

e do so by considering centrals and satellites separately, and by
ither normalizing to stellar mass or by computing deviations of
uantities at a given M ∗. This represents a novel aspect of this
tudy since disentangling between centrals and satellites is very
hallenging in observational studies. 

(ii) At redshifts z = 0 and 1, the sSFR or just sSFR is suppressed
or satellites and centrals close to filaments, and increasing with
istance. This trend has been reported before (e.g. Kuutma, Tamm &
empel 2017 ; Poudel et al. 2017 ). We additionally note that this effect

s considerably stronger for satellites and at later epochs, showing that
atellites are more strongly impacted by the cosmic web environment
 v er time. F or instance, at redshift z = 0, satellites are typically
ully quenched within several hundreds kpc of a filament and do
ot converge to the sSFR’s of centrals until one reaches ∼10 cMpc
rom filaments (Fig. 4 ). This shows that pre-processing of satellites
s already pre v alent in filaments at z � 1, prior to reaching group
nvironments. The effects on centrals are also noticeable, particularly
ithin � 100 ckpc of filaments. One can thus regard 100 ckpc as
 rough scale o v er which filamentary environment impacts SF in
alaxies. 

(iii) The cold gas fractions, characterized in this study via M HI / M ∗
nd M H2 / M ∗, show more subtle and challenging trends with the
istance from the closest filaments (Fig. 5 ), especially for centrals.
roadly, cold gas is suppressed towards filament spines, increasingly

o to lower redshifts as with sSFR, in qualitative agreement with
rone Odekon et al. ( 2018 ) and disagreement with Kleiner et al.
 2017 ). Ho we ver, centrals can be more or less suppressed in cold
as than satellites depending on distance. One aspect that may be
onfusing is that it can be difficult to associate particularly H I with
ny particular galaxy within a denser environment, as H I arises in
elati vely dif fuse gas. Hence, a proper investigation of H I contents
ay require creating mock observations for a particular setup and

onducting side-by-side analyses with data, which is beyond the
cope here but will be feasible using upcoming multiwavelength
adio surv e ys. 

(iv) The stellar metallicity is higher close to filaments for both
entrals and satellites, at all three redshifts considered (Fig. 6 ), in
greement with Winkel et al. ( 2021 ) and Donnan, Tojeiro & Kraljic
 2022 ). Ho we ver, we additionally note that the trend with distance
s much steeper at z = 2, 1, and is diluted by z = 0. The trends for
entrals and satellites are not markedly different. 
NRAS 529, 2595–2610 (2024) 
(v) The quenched fraction and the elliptical fractions are both
nticorrelated with distance to filament, for both satellites and
entrals, generally tracking the trends for sSFR as expected. The
uenched fraction trend fades out at redshift z = 2, while the elliptical
raction trend is more consistent at all three redshifts considered z =
, 1, and 2 (Fig. 7 ). At a given distance, satellites at z = 0 and 1
end to be more quenched and elliptical. This is in spite of the fact
hat they are lower mass than the centrals (we have not controlled for
tellar mass in this plot). Hence, cosmic web environment impacts
oth colour and morphology. 
(vi) The trends noted abo v e for sSFR are broadly similar when

onsidering deviations from mean scaling relations rather than the
uantities themselves (Fig. 8 ). This gives us confidence that the
rends seen previously did not owe simply to trends with M ∗, and are
nstead genuinely due to being close to a filament. Ho we ver, there are

ore significant differences in the case of metallicity Z ∗; unlike for
he o v erall metallicity Z ∗ for which we sa w a clear increase towards
laments, once we control for the M ∗ dependence via the MZR, we
ow see no deviation from the mean MZR with distance for central
alaxies, while satellites show strong deviations from the mean MZR
nly within � 100 ckpc (Fig. 10 ). Also, the trends in H 2 fraction with
istance are not very strong when considering deviations from the
ean M H2 −M ∗ relation, indicating that the reduction in sSFRs close

o filaments must owe primarily to a reduction in the SF efficiencies
f those galaxies (Fig. 9 ). 
(vii) We investigate whether the trends in sSFR owe to feedback or

osmic web growth by comparing amongst identical SIMBA runs with
ndividual feedback modes turned off. We find that the predominant
f fect o wes to the cosmic web, presumably via shock heating the gas
o retard SF near filaments. Ho we ver, the ef fects of feedback are not
e gligible; the y add to the effects of LSS and increase the range out
o which satellites are quenched at z = 0 by ∼×2 (Fig. 11 ). The bulk
f this extra suppression comes from AGN feedback; SF feedback
as a minor impact (Fig. 12 ). 

(viii) While we have mostly excluded massive haloes from this
nalysis, we examine whether the impact of filaments is still notice-
ble around haloes with M h > 10 13 M � by comparing trends in sSFR
ersus halo-centric distance for galaxies near filaments and far from
laments. We find that the majority of the suppression of sSFR owes

o the fact that these galaxies live around massive haloes. However,
here are significant differences for the galaxies close to filaments
eedback the massive haloes; they show a different pattern of sSFR
uppression for centrals, and slightly more extended suppression for
atellites (Fig. 13 ). Hence, location within the cosmic web generates
n effect o v er and abo v e that arising simply due to being close to a
assive haloes. 
(ix) We compare our SIMBA results to those from the EAGLE and

llustrisTNG simulations at z = 0, focusing on deviations from the
ean sSFR and Z ∗ relations with mass, and considering centrals and

atellites together. In general, all models show similar levels of sSFR
uppression close to haloes, although SIMBA ’s trend is more gradual
hile EAGLE and IllustrisTNG show a very sharp drop in median

SFR at ∼100 ckpc (Fig. 14 ). Meanwhile, Z ∗ shows a significant
ncrease very close to filaments for IllustrisTNG and SIMBA , but
uch a trend is not seen in EAGLE (Fig. 15 ). These highlight possible
venues by which galaxy statistics relative to the cosmic web may
rovide discriminatory power between forefront simulations. 

The o v erall distribution of galaxies with respect to filaments,
pecifically high-mass centrals with their accompanying low-mass
atellites in the filaments’ proximity can be explained by the envi-
onmental effects on the halo mass function (e.g. Alam et al. 2019 ).
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he satellites’ suppressed SF, enriched metallicity and suppressed 
as content trends at fixed stellar mass (Section 4.1 , 4.3, and 4.2 )
re consistent with a scenario where satellites close to filaments are 
uenched via H I reservoir depletion and lowered efficiency in con- 
erting H 2 into stars putatively owing to an increase in shock-heated 
as near filaments. This also results in higher metallicities owing 
o the lack of infalling (relatively) pristine gas. The corresponding 
rends are considerably weaker for centrals, indicating that the cosmic 
eb effects are less efficient in this case, possibly because centrals 

ive within denser gas near the bottom of their haloes’ potential wells.
SF suppression starts around z ∼ 2, since environmental trends 

re not evident then, and if anything show a reversed trend in which
ll galaxies close to filaments have slightly higher sSFR’s. At earlier 
pochs, we find results very similar to those at z = 2, so we did not
xplicitly sho w them. Gi ven that gas depletion and SF suppression
re mostly present around filaments even when feedback is excluded 
Section 5 ), we argue that the interactions between satellites and the
ot gas of cosmic web cause quenching via a combination of gas
tripping, on shorter time-scales, and starvation, on longer time- 
cales. None the less, feedback has an additional non-negligible 
mpact, providing a way to constrain models of (particularly) AGN 

eedback. 
Overall, we find that the cosmic web plays a non-negligible role 

n shaping galaxy properties, though these effects are secondary 
o, i.e. weaker than, the mass effects. Our results generally agree 
ith similar recent studies (e.g. Kraljic et al. 2018 ; Bhambhani 

t al. 2022 ; Malavasi et al. 2022 ) and provide new perspectives
y clearly separating centrals and satellites, controlling for stellar 
ass, considering only galaxies within low-mass haloes and in- 

estigating the impact of various feedback scenarios. Observational 
esults are required to test these predictions and potentially identify 
reas for impro v ements in simulations. Identifying the cosmic web 
deally requires large-area spectroscopic surv e ys (although it may 
e possible to extract signals from the 2D cosmic web from
hoto-z’s), which exist now with SDSS and GAMA but will soon
e greatly boosted with new facilities like Euclid (Cimatti et al. 
009 ; Refregier 2009 ; Laureijs et al. 2011 ), WEAVE (Dalton et al.
012 ), PFS (Takada et al. 2014 ), 4MOST (de Jong et al. 2019 ),
nd DESI (DESI Collaboration et al. 2016 ). Combining these 
ith multiwavelength surveys to characterize the various physical 
roperties of galaxies, provides an exciting new frontier to explore 
ow galaxy evolution models can be constrained using the cosmic 
eb. 
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