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A B S T R A C T 

We investigate how large-scale cosmic filaments impact the quenching of galaxies within one virial radius of 324 simulated 

clusters from The Three Hundred project. We track cosmic filaments with the versatile, observation-friendly program DisPerSE 

and identify haloes hosting galaxies with VELOCIRaptor. We find that cluster galaxies close to filaments tend to be more star 
forming, bluer, and contain more cold gas than their counterparts further away from filaments. This effect is reco v ered at all 
stellar masses. This is in stark contrast with galaxies residing outside of clusters, where galaxies close to filaments show clear 
signs of density related pre-processing. We first show that the density contrast of filaments is reduced inside the intra-cluster 
medium. Moreo v er, e xamination of flows around and into cluster galaxies shows that the gas flows in intra-cluster filaments 
are colder and tend to stream along with galaxies in their midst, partially shielding them from strangulation by the hot, dense 
intra-cluster medium. This also preserves accretion on to satellites and limit ram pressure. 

Key words: galaxies: clusters: general – galaxies: star formation – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

n the largest scales of the Universe, matter is distributed in a com-
lex structured network visible in the galaxy field from spectroscopic
urv e ys (de Lapparent, Geller & Huchra 1986 ; Geller & Huchra
989 ; Colless et al. 2001 ; Stoughton et al. 2002 ; Doroshkevich et al.
004 ). This large-scale structure, often referred to as ‘the cosmic
eb’ (Bond, Kofman & Pogosyan 1996 ), naturally arises from the
ravitational collapse of initial perturbations in the density field of
he early Universe (Peebles 1980 ; Zel’Dovich 1970 ; Shandarin &
eldovich 1989 ; Hidding, Shandarin & van de Weygaert 2014 ).
e observe large underdense regions, or voids. These voids are

egmented by sheet-like regions of higher density known as walls,
hich attract matter from voids. In turn, these walls are further

ollapsing into a network of dense filaments that delineate them.
hese filaments channel matter towards the highest density regions
f the Universe, the cosmic nodes, where they meet. It is at the nodes
f this cosmic web that we find galaxy clusters, with filaments diving
eep into their centres. Galaxy clusters are the densest and most
assive gravitationally bound structures in the Universe, hosting

housands of galaxies. They are therefore a hotspot for both galaxy
 E-mail: cwelker3@jh.edu 
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nteractions and complex non-linear dynamics. In particular, the
ntra-cluster medium is a place of increased galaxy quenching: the
apid shutting down of star formation in galaxies evolving in dense
nvironments (Brown et al. 2017 ; and references therein). 

It is well established that the star formation activity of galaxies
n today’s Universe distributes in a clear bimodal fashion, easily
etected in observations through the corresponding colour bimodal-
ty of the light they emit (Strate v a et al. 2001 ; Baldry et al. 2004 ;
alogh et al. 2004 ). Bluer galaxies are home to younger, hotter

tars and are hence more actively star forming, while their reddest
eers no longer form stars, and are ef fecti vely ‘dead’. Between these
wo populations, few galaxies are found to display intermediate star
ormation patterns, suggesting that galaxies undergo a rapid shutting
own of their star formation at some point in their history (Salim
014 ). A perennial question of galaxy evolution is therefore exactly
ow galaxies turn-off their star formation, or quench. 
It is well understood that stars form when cold, dense gas collapses,

nd as such, star formation shuts off when cold gas supply in or
round a galaxy becomes scarce (Gabor et al. 2010 ). This quenching
ccurs preferentially in dense environments such as clusters and
ossibly involves a variety of processes. For instance, strangulation
ccurs when there is no more gas inflow to a galaxy (e.g. Larson,
insley & Caldwell 1980 ; Balogh, Navarro & Morris 2000 ; Peng,
aiolino & Cochrane 2015 ). Stars continue to form using up the
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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vailable gas until there is little to none left, at which point a galaxy is
uenched. Harassment and mergers occur due to interactions between 
 alaxies, whereby g as can be heated and/or stripped, causing star
ormation to shut down in such galaxies (Moore et al. 1996 ; Smith
t al. 2015 ). 

The radial trends resulting from the progressive quenching of 
alaxies falling into clusters have been extensively described in both 
imulations and observations: it is now established that the fraction 
f star-forming galaxies decreases towards the centre of clusters as 
uenching proceeds (e.g. Balogh et al. 2000 ; Raichoor & Andreon 
012 ; Haines et al. 2015 ; Pintos-Castro et al. 2019 ). 
In recent years, increasingly robust computational models and 

apabilities have allowed more accurate and effective simulations 
f the complex environments of galaxy clusters and impro v ed 
nderstanding of how galaxies evolve in these regions (Barnes 
t al. 2017 ; Cui et al. 2018 ; Tremmel et al. 2018 ). Among other
echanisms, ram pressure stripping seems to play a major role deep 

nto clusters (e.g. Wetzel et al. 2013 ; Muzzin et al. 2014 ; Peng et al.
015 ; Brown et al. 2017 ; Maier et al. 2019 ; Roberts et al. 2019 ). We
efine ram pressure stripping as the interaction of galaxies with the 
ot gas they are moving through (Gunn & Gott 1972 ). 
Interestingly, outside of clusters, some recent studies suggest 

osmic filaments might also play a role in the early quenching of
eld galaxies at low redshift. Indeed, in the field, large cosmic 
laments are denser than their surroundings, and as such may be 
ssociated with pre-processing (Kraljic et al. 2017 ; Laigle et al. 
017 ; Sarron et al. 2019 ). While galaxies near such filaments are
xpected to display higher stellar masses on average (Welker et al. 
019 ), they also undergo more interactions, and thus may quench 
aster and become redder than their counterparts further away from 

he filaments (Kraljic et al. 2017 ). 
On the other hand, it has long been theorized that, since gas shocks

nd cools into cosmic filaments, such filaments should be able to 
unnel collimated streams of cold gas crucial to star formation deep 
nto haloes (Katz & White 1993 ; Brooks et al. 2009 ; Keres et al. 2009 ;
leiner et al. 2017 ), at least at z > 1. To what extent such cold flows
ight stream deep into clusters, past the virial shock is dependent 

n factors such as the density contrast of the filament, the degree
f turbulence (Cornuault et al. 2018 ) or the intensity of feedback
rocesses (Powell, Slyz & Devriendt 2011 ; Dubois et al. 2013 ). None
he less, even after collimation is lost to hydrodynamic instabilities, 
nd monophasic flows have blended in the intra-cluster medium 

ICM), relics of the cooler core of large inter-cluster filaments might 
till locally pervade the ambient medium (Mandelker et al. 2019 , 
020 ). It is therefore concei v able that filaments plunging into clusters
ight linger in diffuse forms even at z < 1, possibly modifying the

ocal dynamics of the ICM and impacting the evolution of local 
atellite galaxies. 

Ho we ver, the impact of large inter-cluster cosmic filaments on 
uenching deep into clusters (‘intra-cluster’ filaments) remains 
eldom analysed. Therefore, their role on local star formation remains 
o be explored. 

This is in part because most cosmic web extractors either do not
perate on the gas field (Tempel et al. 2016 ), or identify cosmic
tructures as either a filament or a cluster, so they do not allow
or the analysis of hybrid structures such as intra-cluster filaments 
Cautun, van de Weygaert & Jones 2015 ). To bridge this gap, we
se DisPerSE (Sousbie 2011 ), a versatile topological extractor that 
dentifies the spine of the cosmic web and therefore allows us to track
laments down to the core of clusters. 
The lack of analysis is also because large gaseous filaments remain 

lusi ve in observ ations. Ho we ver, recently, cosmic gas filaments were 
irectly observed for the first time stretching between galaxies in the
SA22 protocluster at z = 3.1 with the Multi Unit Spectroscopic
xplorer on the Very Large Telescope (Umehata et al. 2019 ).
pcoming facilities such as the SKA might shed even more light
n intra-cluster filaments in the near future (Locatelli, Vazza & 

om ́ınguez-Fern ́andez 2018 ). 
The focus of this study is therefore to analyse the impact of intra-

luster cosmic filaments on quenching, that is, in regions of the
niverse where the background is a dense hot intra-cluster medium 

nd where gas stripping becomes one of the dominant quenching 
echanisms. In this work, we use a robust set of hydrodynamic

luster simulations to analyse the effects of cosmic filaments on 
alaxy evolution inside the cluster environment, and in particular 
etermine whether somewhat cooler gas streams are present near 
laments at z = 0 and are able to delay quenching locally. 
The remainder of this paper is structured as follows. In Section 2 ,

e discuss the data products and numerical quantities used for this
ork. In Section 3 , we analyse the quenching of galaxies around

osmic filaments in different environments through a variety of 
racers. In Section 4 , we look at the dynamics of gas and haloes
urrounding filaments themselves to understand the physical origin 
f these quenching trends. Finally, in Section 5 , we summarize our
ndings and discuss next steps. 

 N U M E R I C A L  M E T H O D S  

n this section, we describe the galaxy cluster simulation we used in
ection 2.1 , the halo finder in Section 2.2 , and the filament extractor

n Section 2.3 . We then discuss the tracers we use to investigate the
volution of star formation (Section 2.4 ) and the dynamics of gas
nd galaxies (Section 2.5 ). 

.1 Simulation sample: The Three Hundred 

 large sample of galaxy cluster simulations with sufficient reso- 
ution is required in order to have robust statistics on intra-cluster
laments and satellite galaxies. For this study, we use The Three
undred project 1 (Cui et al. 2018 ), a set of 324 simulated galaxy

lusters run with a smoothed-particle hydrodynamic (SPH) scheme. 
The clusters in this set are hydrodynamic zoom re-simulations of 

he most massive haloes in the dark matter-only MultiDark MDPL2 
imulation (Klypin et al. 2016 ) at z = 0, run with GADGET -X, a
ersion of GADGET 3 with the improved SPH scheme of Beck et al.
 2015 ) (itself an updated version of the GADGET 2 code, Springel
005 ). 
The Three Hundred suite was run with cosmological parameters 

M 

= 0.307, �B = 0.048, �� 

= 0.693, h = 0.678, a dark matter
article mass of M 

0 
DM 

= 1 . 81 × 10 9 M �, and gas particle mass of
 

0 
gas = 3 . 39 × 10 8 M �, corresponding to a typical spatial resolution

f 8 kpc h −1 . It includes advanced prescriptions for processes such as
etal-dependent UV cooling, black-hole growth and AGN feedback, 

tar formation and stellar evolution, and stellar feedback with varying 
tar particle masses (Cui et al. 2018 ). 

Clusters range from M 200 = 4 × 10 14 M � to 10 15 M �, and vary
rom relaxed to unrelaxed. We conduct the study at z = 0. In order
o a v oid boundary effects at the edge of the re-simulated regions, we
imit our analysis to a 14 h −1 Mpc spherical region from the centre
f each cluster. In practice, since most of our analysis focuses on
MNRAS 512, 926–944 (2022) 
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aloes within two virial radii ( R vir ) of the clusters, our results are not
ffected by this cut. 

With varying star particle masses on the order of M ∗ = 5 × 10 7 M �,
alaxies with more than 50 particles are resolved down to stellar
asses of 10 9.5 M �. 

.2 Halo identification with VELOCIraptor 

alos hosting galaxies were identified with the VELOCIraptor halo
nder (Elahi, Canas & Poulton 2019 ). We use the mixed-component
ersion of the finder, which operates on dark matter (DM), gas, and
tar particles. The finder conducts a multistep algorithm to identify
tructures. It begins by identifying haloes with a 3D friends-of-
riends (FOF) first pass search, followed by a 6D FOF search in
hase space. The process allows us to identify kinematically coherent
ubstructures and mergers. Stellar mass, virial radii, and virial masses
re computed on the fly following Bryan & Norman ( 1998 ). Note
hat for galaxy clusters R vir ≈ R 100 ≈ 1.4 × R 200 . For this reason, we
dopt the definition R vir = R 100 for clusters in the present study. It is
lso physically moti v ated by Arthur et al. ( 2019 ) who found the main
as accretion shock in the clusters used here to be around ≈1 . 5 R 200 .
n our sample, the clusters virial radii R 100 therefore range from 2 to
 h −1 Mpc. 
Note that this mixed-component finder is particularly efficient at

dentifying haloes and subhaloes hosting galaxies rather than galaxies
n their own. As a consequence, a single, intermediate size halo
ontaining an advanced galaxy merger with no remaining identifiable
M subhalo will appear as a single structure rather than two galaxies

n the process of merging. This is ho we ver suitable for the limited
esolution of the simulation that does not allow for a robust separation
f distinct galaxies late in the process of merging across the entire
tellar mass range analysed. Our study is therefore conducted at the
alo/subhalo level. 
To ensure that a halo is sufficiently resolved and does contain

 galaxy candidate, we e xclude an y halo with less than 100 DM
articles or with a stellar mass M star < 10 9.5 M �. We therefore
ocus on the gas and stellar content within each satellite halo’s
irial radius R 

sat 
vir . In practice, the cold gas and stellar content are

o we ver concentrated at the centre of haloes, on galactic scales,
nd can therefore be assimilated to a galaxy. It follows that, in our
tudy, the terms halo and galaxy refer to the same structure in the
ELOCIraptor catalogue, hence are mostly interchangeable. The
rst one puts the emphasis on the extended DM + gas component
hile the second puts the emphasis on the concentrated stellar + cold
as component. 

We exclude the brightest cluster galaxies (BCGs), identified as the
alo with the highest stellar mass within 0.5 R vir each cluster. This
ork focuses on the fate of satellite haloes/galaxies – defined as all

he haloes and sub-haloes other than the main cluster – falling into
 cluster environment either along filaments or on deviated orbits.
nfall mechanisms do not directly go v ern the evolution of BCGs,
hich seem ho we ver sensiti ve to the connectivity of the cosmic web

Kraljic et al. 2020 ). 

.3 Filament extraction with DisPerSE 

he DisPerSE persistent structure finder (Sousbie 2011 ) is used to
dentify filaments diving deep into our simulated galaxy clusters.
isPerSE has been successfully used on both simulations (Laigle

t al. 2014 ; Codis et al. 2018 ; Kraljic et al. 2018 ; Kuchner et al.
020 ; Rost et al. 2021 ) and observational studies (Laigle et al. 2017 ;
alavasi et al. 2017 ; Welker et al. 2019 ). 
NRAS 512, 926–944 (2022) 
DisPerSE is based on topology rather than geometry, as one of
ts main advantages. It characterizes topological features (minima,
axima, saddle points, and ridge lines connecting them) as the

arious components of the cosmic web, including walls, voids, and
laments. Ridge lines of the input density field are returned as
 contiguous network of filaments. Further trimming is based on
ersistence, the density ratio in a pair of linked critical points (such
s maximum-saddle point). The persistence threshold translates to
 minimum signal-to-noise ratio in this context. These techniques
ake DisPerSE excellent in the context of large-scale structures,
ith noisy data, and inherent scale-invariant nature. 
For this analysis, DisPerSE was applied to the gas density field of

he simulations, first projected on a 30 h −1 Mpc wide 3D cubic grid
entred on each cluster, with pixels of 150 h −1 kpc on each side. It
as smoothed o v er 8 pixels with a Gaussian kernel to focus on the

arger cosmic filaments, by ef fecti vely getting rid of thinner filaments
etween large satellites, which otherwise stand out as contrasted
eaks in the density field. 

As an example, a visual representation of Cluster 50 is shown in
ig. 1 . The left-hand panel depicts a 3D representation with filaments

n green, galaxy haloes defined by their virial radius in blue, and
ark matter particles in pink. The cluster’s virial radius appears as
he large central blue sphere. Two infalling groups are visible, and
umerous galaxies clearly align along the spine of the cosmic web.
he right-hand panel of Fig. 1 displays a zoom-in of the same cluster
rojected along the z -axis. The colour palette varies linearly with
he log of the gas density. Projected filaments are in red and 1 and
 R vir are indicated as white dashed circles. One can clearly see the
as filaments diving deep into the cluster, with gas-rich haloes along
hem. We demonstrate in Appendix A how the most massive haloes
eside along the spine of filaments. 

For each satellite halo within 10 h −1 Mpc of its host cluster, we
urther define D fil , the distance of a halo to its nearest cosmic filament,
nd D cent , its distance to the cluster centre (in pink on the right-hand
anel of Fig. 1 ). The reader will notice that D fil and D cent are not
y construction independent coordinates, as they are not orthogonal.
e therefore systematically compute the ratio D fil / D cent , which is

n essence the separation angle of the satellite halo with respect
o its nearest filament, as seen from the centre of the host cluster.
hroughout this work, we call this ratio the ‘angular separation’.
his quantity allows us to isolate the evolution of halo properties
riven specifically by the proximity to a filament and not simply by
he progressive infalling into a dense cluster. 

Note that one has two choices for D cent : it can be computed as the
istance to the cluster’s centre of mass (DM + gas + stars, dominated
y DM + stars), or as the distance to the node of the gaseous cosmic
eb corresponding to the halo, which is ef fecti vely the peak of the

luster’s gas distribution. The difference between centres is typically
 10 per cent R vir . Major results are qualitatively similar for both
ethods, we therefore focus on the first in the present study, as it is

he closest to observations that typically use the BCG as the cluster’s
entre. A direct consequence of this choice is that, in the inner core
f the cluster (0.3 R vir ), it is possible to have D fil > D cent for up to
0 per cent of galaxies. Note also that some particularities arise for
he most unrelaxed clusters. They are the subject of a follow-up paper
Welker et al., in preparation). 

.4 Quenching tracers 

n the following section, we outline the various tracers and observ-
bles we designed to investigate quenching in this study. 
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.4.1 Star formation rate 

he most direct property to examine when it comes to quenching is
he star formation rate (SFR), the number of stars a galaxy is birthing
er year, or the specific star formation rate (sSFR), such that sSFR
 SFR / M ∗. 
We use two avenues to compute SFR values in The Three Hundred.

n the instantaneous method, we identify gas particles within R 

sat 
vir of

ach satellite halo and sum up SFR values in M � yr −1 assigned to
as particles by the GADGET -X subgrid star formation recipe. This
ypically identifies new stars within a 50 Myr age range. 

In the secular method, we sum up the masses of the star particles
hat have formed within the past 1 Gyr (based on their age) within one
irial radius ( R 

sat 
vir ) of the satellite halo. This method is expected to be

ess sensitive to short-lived interactions and to the limited resolution 
f star formation in the simulation (mainly because of the long-time 
nterval chosen). 

Ho we ver, o wing to the limited resolution of the simulation itself,
he subgrid star formation recipe of the simulation is also low 

esolution and suffers discrete numerical effects that affect both 
ethods. Low-mass galaxies can easily appear to not be star forming 

ue to the stochasticity of the star formation model. On the contrary,
assive galaxies do not stop star formation early or fast enough as
 result of runaway star formation by the subgrid model that fails
o self-regulate in densest environments, and weak AGN and stellar 
eedback. 

As a result, both simulated SFRs trend strongly and log-linearly 
ith stellar mass across the full mass range, including for galaxies 
ith M star > 10 11.5 M �, past the point where the trend is expected

o reverse. This suggests that quenching evaluated from SFRs will 
e significantly underestimated at high mass due to this numerical 
rtefact. 

Mass rankings are ho we v er preserv ed and the analysis of sSFR
t fixed stellar mass can still be used to obtain reliable qualitative
esults. To this end, we restrict the analysis to the fraction of
tar-forming galaxies in a given bin of N galaxies, defined as 

 SFG = 

n (sSFR > sSFR 0 ) 

N 

(1) 

ith N the total number of galaxies in the bin considered and
 (sSFR > sSFR 0 ) the number of galaxies with sSFR > sSFR 0 =
0 −11 yr −1 , a typical value used for such a cut (Wetzel et al. 2013 ;
oberts et al. 2019 ). We use bi-dimensional bins of stellar mass and
roperty of interest (such as distance to filament). 
There is nevertheless a need for less direct but more robust tracers

f quenching, which we detail in the following sections. 

.4.2 Galaxy colours 

alaxy colours are directly tied to star formation but are more
elated to the specific stellar make-up of the galaxy than to its
ass, and are integrated over its whole history, thus less sensitive

o aforementioned resolution limits. They also allow for direct 
bservational comparisons. As galaxies quench, their stellar content 
ges without being refreshed by new stars, hence galaxies become 
edder. 

We therefore compute galaxy Sloan Digital Sk y Surv e y (SDSS)
olours for all our populated haloes using stellar population models. 
e follow the method detailed in Dubois et al. ( 2014 ), whereby we

pply a Single-Burst Stellar Population model (SSP) from Bruzual 
 Charlot ( 2003 ) to the star particles in the simulation using the
etallicity, age, and mass (obtained using the Salpeter initial mass 

unction) of the particles to obtain the flux per frequency. The
ontributions from all the stars within R 

sat 
vir are passed through the

arious SDSS filters. Note that in this simple model, we do not
ake into account an y e xtinction from dust. From this, we obtain
tellar luminosities which we mass average to assign luminosities 
o the galaxies. We then use these luminosities to obtain the galaxy
olours. In this work, results are presented for g − r . Based on the
MNRAS 512, 926–944 (2022) 
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imulated colour bimodality, a typical red galaxy in our simulation
s one with g − r ≥ 0.65. This is consistent with the threshold from
ow- z SDSS galaxy populations. 2 

.4.3 Gas fraction 

as content, particularly cold gas content, is the fuel for star
ormation and therefore reliably traces the ability of haloes to form
tars. 

In The Three Hundred, all haloes with M tot > 10 10.5 M � have a
as-to-total initial mass fraction resolved with at least 0.1 per cent
recision. Note ho we ver that, at our resolution, pressure is resolved
nly down to a lower threshold P floor , resulting in a typical lower
imit of 10 4 K for temperatures in haloes. This is comparable to other
agship kiloparsec scale cosmological simulations such as Horizon-
GN, Eagle or IllustrisTNG (Dubois et al. 2014 ; Schaye et al. 2014 ;
rain et al. 2015 ; Nelson et al. 2018 ). In particular, we do not resolve

he formation of molecular clouds. 
We therefore identify as cold halo gas any gas particle with a

emperature at or below 10 5 K within 1 R 

sat 
vir of a satellite halo.

ased on the cooling model used in The Three Hundred clusters and
dentification of the radiative cooling branch on the temperature–
ensity diagrams, gas in this temperature range trapped within
imulated haloes corresponds to gas that would typically cool down
nto cold H I and the ISM in real galaxies (see Rost et al. 2021 ). 

We define the cold gas fraction of the galaxy-hosting haloes in our
ample as 

 

cold 
gas = 

M gas ( T ≤ 10 5 K ) 

M gas ( T ≤ 10 5 K ) + M star 
(2) 

ith M gas (T) the total mass of the gas with temperature below T
ithin 1 R 

sat 
vir of the halo, and M ∗ its total stellar mass within 1 R 

sat 
vir . 

.5 Dynamical measures 

o analyse the origin of satellite quenching in clusters, we also
tudy the dynamics of these galaxies through the gaseous medium
urrounding them. This section outlines the quantities we define to
nvestigate these dynamics. 

.5.1 Filament kinematics 

n order to investigate how coherent flows of gas and galaxies are
long cosmic filaments, we measure the angle between the velocity
ector of haloes and gas particles with respect to their nearest
lament. More specifically, for every satellite halo or gas particle
ith cluster-centric velocity, � v , and its nearest filament segment,

� 
 near , oriented inwards, we compute 

cos θ = 

� f near · � v 

| � f near || � v | . (3) 

A more detailed description of this measurement can be found
n Appendix 1 of the Supplementary material, along with a sketch
hich illustrates the points detailed hereafter. 
By definition, filament segments are increasingly radial towards

he cluster centre, which is a node of the cosmic web. Motions
f galaxies and gas accreted into clusters are also expected to be
adial on average, with various degrees of dispersion depending on
roximity to the cluster centre. 
NRAS 512, 926–944 (2022) 
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Thus, even in the absence of any specific filamentary kinematic
nhancement, the correlation between � v and � f near is expected to
ncrease with decreasing D fil and D fil / D cen . 

In order to separate a potential filament boost from this purely
eometrical effect, we compute the null hypothesis (pure geometrical
orrelation only) by calculating cos θH 0 after rotating the filament
etwork of each cluster by 45 ◦ in a random direction. Any filament-
pecific correlation with D fil is destroyed in the flip, whereas purely
eometric effects should be left unchanged on average by this
rocedure. The choice of 45 ◦ is justified by the fact that the average
onnectivity of our clusters (the number of connecting inter-cluster
laments globally) is around 6, hence the average angle between two
onnecting filaments is close to 90 ◦. 

.5.2 Accreting fraction 

he inability of a halo to accrete and/or retain cold gas, often referred
o as strangulation, is key to its environmental quenching. We com-
ute the inflo w/outflo w into/from e very satellite halo indi vidually.
e first identify cold ( T < 10 5 K) gas particles within a spherical

hell with thickness �r = 0 . 1 h 

−1 Mpc, at 0.5 R 

sat 
vir of the halo. This

nsures that the gas is indeed associated with the halo. The net
utflow is then computed as 

˙
 

cold 
gas = 

∑ 

shell m i � v i · ˆ r 

�r 
(4) 

ith m i the mass and � v i · ˆ r the halo-centric outward radial velocity
f gas particle i . 
Note that a ne gativ e outflow is actually a net inflow, in which case

he corresponding halo is accreting cold gas. 
This allows us to define the accreting fraction of a given sample

f N satellite haloes as 

 acc = 

n ( Ṁ 

cold 
gas < 0) 

N 

. (5) 

.5.3 Ram pr essur e stripping 

am pressure stripping is expected to be the dominant quenching
echanism in the core of clusters (Wetzel et al. 2013 ; Maier et al.

019 ; Roberts et al. 2019 ). We estimate the ram pressure term on
ach satellite halo as 

 ram 

= ρshell ( δv ) 
2 (6) 

ith δv the halo to intra-cluster medium relativ e v elocity and ρshell 

he density of the hot intra-cluster gas that the halo is passing through.
shell is estimated as an average of individual densities, weighted by
ach particle’s volume (‘volume-weighted’), for all ‘environment’
articles within a 0.35 h −1 Mpc (0.5 Mpc) thick spherical shell past
he halo’s virial radius R 

sat 
vir . Only gas particles with T > 10 5 K are

onsidered since colder particles are expected to be escaping or bound
o the halo. 

δv is defined as | � v halo − � v enviro | , with � v enviro the mass-weighted
v erage v elocity of hot gas particles in the ‘environment’ shell and

�  halo the mass-weighted average velocity of all particles (dark matter,
tar, gas) within 1 R 

sat 
vir of the halo. 

We expect the stripping due to ram pressure to be somewhat
 xcessiv e in this simulation, as in most numerical simulations with
imilar resolutions. Indeed, the inner cores of satellite haloes are
ot resolved with enough particles to properly account for their
teep density gradient. As a result, such haloes tend to be more
asily stripped than their observed counterparts. Note that relative

https://www.sdss.org/


Intra-cluster filaments delay quenching 931 

a
o

2

T
h
i
d
a
R  

a

B

w
s
c
S
p
v  

I  

t  

v
 

w
v  

c  

c
 

c
≈
o  

c  

v  

t  

p  

v
c  

g
f
p
i  

s  

q
t  

m

i  

d
t

m  

a
o
B  

g  

v
t  

m  

a  

Figure 2. Illustration of the construction of B g on the 1D phase-space 
diagram of a dry satellite galaxy. Velocities are in the frame of the cluster on 
the right and in that of the galaxy on the left. B g quantifies the velocity offset 
of gas (orange) from the stellar (green) and dark matter (blue) components of 
the halo, normalized by the stellar velocity dispersion (in red). 
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nd qualitative differences, rather than exact amounts, are the focus 
f this work. 

.5.4 Gas unbinding parameter 

o better estimate the individual degree of gas stripping a galaxy- 
osting halo undergoes, we construct for each satellite halo an 
nstantaneous gas unbinding parameter, B g , which quantifies the 
egree of displacement between the gas particles and the stellar 
nd dark matter particles in their phase-space distributions, within 1 
 

sat 
vir of the halo, excluding material in the haloes’s satellites if some

re present. For a given halo, B g is defined as 

 g = 

√ 

( v x, g − v x, sdm 

) 2 + ( v y, g − v y, sdm 

) 2 + ( v z, g − v z, sdm 

) 2 √ 

σ 2 
v x , s + σ 2 

v y , s + σ 2 
v z , s 

, (7) 

here � v g , � v s , and � v sdm 

are the mean velocities of the gaseous, 
tellar, and stellar + dark matter components of the halo, respectively, 
omputed within 1 R 

sat 
vir as averages over corresponding particles. 

tar and dark matter particles averages are mass-weighted while gas 
articles averages are density-weighted to avoid biases due to high- 
elocity, fly-through gas particles from the hot but less dense ICM.
n this study, ICM refers to all gas particles with T > 10 5 K within
he cluster’s virial, radius not bound to a satellite. σ v, s is the stellar
elocity dispersion within 1 R 

sat 
vir . 

Note that we do not impose a cut on gas temperature here. That
ay, most galaxies devoid of cold gas can still be assigned a B g 

alues, which is indicative of the velocity of their DM and stellar
omponents with respect to the ICM gas, hence of the stripping
apacity of their direct environment. 

Fig. 2 displays a 1D phase space diagram that shows how B g is
onstructed on the example of a dry halo (no cold gas) hosting a M star 

10 10.4 M � galaxy, illustrated on one Euclidean component of B g 

nly. The panel shows the x -component of the position vector to the
entre of the cluster on the horizontal axis and x -velocities on the
ertical axis (in the frame of the galaxy on the left and the frame of
he cluster on the right). Gas particles are plotted in orange, stellar
articles in green, and dark matter particles in blue. The gas content’s
elocity v x, g is offset and kinematically de-correlated from the stellar 
ontent and the bulk of the dark matter content v x, sdm 

. In fact, this
as component is homogeneous across R 

sat 
vir and clearly static in the 

rame of the cluster. It is therefore composed of ICM fly-through 
articles rather than satellite bound gas. As the dark matter content 
s more diffuse, it is more accurate to compare the offset to where the
tellar content is, at the heart of the halo (the actual galaxy). B g thus
uantifies the relative velocity displacement of the gas content from 

he galaxy and can therefore be used as a more local and adaptive
easure of the effect of stripping and strangulation on a given halo. 
Fig. 3 displays 1D phase-space diagrams of selected haloes to 

llustrate the evolution of B g on a few examples. Note that these
iagrams use the cluster-centric distance r and radial velocities as 
he direction of analysis to visually emphasize stripping. 

The leftmost panel shows a typical gas-rich galaxy. Here, the dark 
atter, gas, and stellar content are all centred together in phase space,

nd the stellar content is distinctly tightly positioned at the centre 
f the halo, where velocity dispersion is high. The corresponding 
 g is well below 1. The centre left-hand panel shows a gas-rich
alaxy early in the process of stripping. Here, gas particles visibly
ary in velocity, with a significant fraction reaching or exceeding 
he escape velocity, compared to the bulk of the gas, stars, and dark

atter. B g is close to 1. Depicted in the centre right-hand panel is
 galaxy late in the process of stripping. There is little gas content
ssociated with the same phase-space location as the dark matter 
nd stellar content, with the majority of gas particles spanning a
elocity tail that extends from the velocity of the halo’s outskirts to
he velocity of the ICM. One can see that the gas directly facing
he centre of the cluster is escaping while the gas further away is
till marginally synchronous with the galaxy. B g is well abo v e 2,
oosted by the large differential velocity between the satellite halo 
nd the cluster medium. The rightmost panel shows the same galaxy
s Fig. 2 whose gas content is fully disassociated kinematically from
he stellar content, meaning the gas displayed here is purely the ICM,
nd the galaxy is dry and unable to form stars. Note that this galaxy
isplays almost no relative radial velocity towards the cluster, and is
n a nearly pure tangential motion, none the less B g is clearly abo v e
. 
It should be noted that, albeit unfrequent, haloes that do not contain

as particles at all (irrespective of temperature) due to the limited
esolution of the ICM do not have an assigned B g value. They are
hus excluded from this analysis. It’s ho we ver easy to combine both
aloes devoid of gas, n ( M gas = 0), and haloes with B g > 2, n ( B g >

), to define the fraction of ef fecti vely dry haloes: 

 dry = 

n ( B g > 2) + n ( M gas = 0) 

N 

, (8) 

n a sample of N haloes. 

 QU EN C H IN G  O F  G A L A X I E S  N E A R  A N D  FA R  

RO M  I NTRA-CLUSTER  FI LAMENTS  

n this section, we use the galaxy properties outlined in Section 2.4
sSFR, g − r , f cold 

gas ) to quantify the specific influence of intra-cluster
MNRAS 512, 926–944 (2022) 
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M

Figure 3. 1D phase-space diagrams for four different haloes. Dark matter particles are in blue, stars in green, and gas in orange. r is the cluster-centric position, 
velocities are in the galaxy frame on the left and in the cluster frame on the right. v clust 

r < 0 for infalling haloes. B g is lower for bound, gas-rich situations (two 
left-hand panels) and higher for unbound, gas-poor situations (two right-hand panels). 

Figure 4. Evolution of the fraction of star forming galaxies, f SFG , with stellar 
mass, split by filament distance D fil , for all haloes within 1 R vir of their cluster. 
At fixed mass, the closer to a filament, the higher the fraction of star-forming 
galaxies. Shaded contours are 1 σ bootstrap errors. 
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laments on the quenching of cluster galaxies. We discuss the mass-
ependence of this effect in Section 3.4 and suggest possible origins
f the effect in Section 3.6 . 

.1 Sur vi v al of star-forming galaxies near filaments 

s a first step, we analyse how filaments locally influence the fraction
f star-forming galaxies in clusters. Recall that we define a star-
orming galaxy as a galaxy with s SFR > 10 −11 yr −1 , a cut chosen
n accordance with observational papers (Wetzel et al. 2013 ; Roberts
t al. 2019 ). 

In Fig. 4 , galaxies within one virial radius of their host cluster ( R vir )
re split into different bins based on their distance to the nearest
lament, D fil , and the fraction of star-forming galaxies per stellar
ass bin is presented versus the stellar mass. Shaded contours display
 σ bootstrap errors, with each stellar mass bin containing at least 750
aloes. We do not investigate beyond 3 h −1 Mpc, as there are very
ew galaxies this far from a filament in cluster environments. 
NRAS 512, 926–944 (2022) 
Irrespective of distance to filament, the fraction of star-forming
alaxies steadily increases with stellar mass across the whole range
nvestigated. At low masses, this trend aligns with established work in
hat the specific star formation rate of galaxies increases steadily with
tellar mass. Ho we ver, as galaxies gro w and quench, this relationship
s expected to reverse, which in this simulation is limited to a
attening at high mass as we discussed in Section 2.4.1 due to
umerical artefacts detailed in Section 2.4.1 . For this reason, we
imit our analysis to comparisons at fixed stellar mass. Additionally,
he kink observed at 10 10.5 M � in Fig. 4 is also numerical in origin
nd corresponds to the mass at which AGN feedback becomes active
n the simulation. 

At fixed stellar mass, Fig. 4 shows that galaxies are more star
orming closer to filaments. Below 10 10.5 M � this trend is visible
or galaxies less than 2 h −1 Mpc from a filament (green to black).
t becomes increasingly significant for galaxies within 1 h −1 Mpc
green/black to blue) at stellar masses abo v e 10 11 M �. This result
uggests that filament proximity increases the ability of cluster
alaxies to form stars, irrespective of stellar mass. 

We investigate this trend in the next section using SDSS galaxy
olours, which do not suffer the same limitations as sSFR. 

.2 Galaxy colours around intra-cluster filaments 

n the following, we show that the trend of filaments being a region
f increased star formation is reco v ered with higher significance for
tandard SDSS galaxy colours. 

In the left-hand panel of Fig. 5 , galaxies are split by cluster-centric
istance and their mean g − r colours plotted against their distance
o the nearest filament. Error bars are standard error on the mean. 

At fixed distance to filament, D fil , galaxies are redder at smaller
luster-centric distances. Galaxies residing at 1–2 R vir and > 2 R vir 

re roughly similar with respect to g − r colours at fixed D fil , and are
oticeably bluer than galaxies residing in the cluster, at < 0.3 and 0.3–
 R vir . This difference clearly demarcates the expected environmental
ifferences inside and outside the cluster, where galaxies inside a
luster’s virial radius are significantly redder due to quenching. 

Galaxies further than 0.3 R vir from cluster centre are progressively
edder closer to filaments up until 2 h −1 Mpc away, an increase of
pproximately 0.12 in all cases. Galaxies at 1–2 R vir and > 2 R vir 

ontinue to redden even closer to filaments. This trend beyond the
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Figure 5. Left-hand panel: Mean colour g − r versus distance to filament D fil , split by cluster-centric distance. Galaxies outside R vir are redder close to field 
filaments. In contrast, galaxies inside R vir exhibit a decrease in redness close to intra-cluster filaments. Right-hand panel: Mean g − r versus distance to centre 
of cluster D cent for four different stellar mass bins. The majority of galaxies redden towards the cluster centre, except for massive group centrals. All error bars 
are standard error on the mean. 
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luster virial radius is consistent with what is observed for filaments 
n the field, which host on average more massive galaxies than 
heir surroundings (Appendix A ) and are increasingly considered a 
egion of pre-processing, due to increased turbulence and interactions 
Kraljic et al. 2017 ; Laigle et al. 2017 ; Sarron et al. 2019 ). On
he contrary, those galaxies in the inner two cluster-centric bins 
isplay a smooth decrease in redness of approximately 0.02 coming 
ithin 2 h −1 Mpc from a filament, despite the fact that they are

till on average more massive than their counterparts further away 
Appendix A ). This no v el trend inside the cluster indicates that intra-
luster filaments tend to alleviate the reddening of galaxies in their 
icinity. 
While this effect may seem small compared to a seemingly large 

ncrease of g − r towards filaments at D fil > 2 h 

−1 Mpc, it is
mportant to remember that distance to filament, D fil , and distance 
o the centre of the cluster, D cent , are correlated and therefore the
pecific effect of filaments must be disentangled from the increase 
f g − r with proximity to the cluster’s core. Indeed, by construction
alaxies closer to the cluster centre have smaller distances to filament 
n average. Most of the g − r increase towards the filaments at
 fil > 2 h 

−1 Mpc, observed within the cluster on the left-hand panel,
an actually be traced back to galaxies being also closer to the node.
ne should also note that galaxies closest to filaments also tend to
e more massive and therefore redder. It is a mass-driven effect, not
 genuine correlation with the filament. 

On the right-hand panel of Fig. 5 , mean g − r galaxy colour is
lotted against cluster-centric distance D cent , separated into stellar 
ass bins. The trend for all galaxies up to 10 11.5 M � indicates that

alaxies indeed redden ( g − r increases), as they approach the cluster
entre. This increase is most marked inside the cluster virial radius,
onsistent with established expectations for galaxies, which quench 
s they fall into clusters (Balogh et al. 2000 ; Raichoor & Andreon
012 ; Haines et al. 2015 ; Pintos-Castro et al. 2019 ). 
Beyond the virial radius ( D cent ≥ 1 R vir ), the most massive galaxies

re the reddest, and the least massive galaxies are bluest, with a g − r
eparation of at least 0.15. This trend is consistent with observations 
f galaxies in the field (Strate v a et al. 2001 ; Baldry et al. 2004 ). 
Ho we ver, note that galaxies in all mass bins display a difference

n g − r colour of less than 0.08 from 1 to 2 R vir from the cluster.
his indicates that the proximity to the cluster has little effect on
alaxy colour beyond the cluster virial radius, consistent with more 
imited quenching for galaxies residing at 1–2 and > 2 R vir shown in
he left-hand panel. 

The rarest, most massive ( M star > 10 11.5 M �) galaxies are largely
nchanged in g − r colour irrespective of their cluster-centric 
istance. This is due to the fact that most of these galaxies are mostly
entrals of their o wn massi ve groups, and are therefore less impacted
y the main cluster than by their local halo environment. 
To summarize, evolution of g − r with D cent indicates that the

alaxies closest to the cluster centre are the reddest, and that the
ore massive galaxies are also the reddest, excluding centrals of 

heir own massive groups, secondary nodes of the cosmic web, 
hich are largely sub-dominant outside the inner 0.3 R vir of clusters

nd virtually absent outside the inner 0.3 h −1 Mpc from filaments
innermost D fil bin on the left-hand panel). As such, the population of
luster galaxies less than 2 h −1 Mpc from filaments is dominated by
hese galaxies reddening with mass, and thus while the decrease in
edness of cluster galaxies close to filaments exhibited may seem 

mall, it is actually significant. We stress again that, since this
ecrease in redness cannot be attributed to higher mass or proximity
o the cluster centre (which would produce the opposite trend), it is
n fact an effect of the filament environment. 

The fact that the colour becomes bluer and thus the star formation
xhibits this local upturn due to intra-cluster filaments suggests that 
here must be an uptick in the amount of cold gas available to galaxies
n the vicinity of filaments, which we explore in the following section.

.3 Cold gas fraction 

alaxies quench when they are unable to refresh or retain their cold
as reserves. In the following, we analyse how intra-cluster filaments 
ffect the cold gas stores of cluster galaxies in their vicinity, by way
f the cold gas fraction (as defined by equation 2 ) of haloes. 
The left-hand panel of Fig. 6 shows the evolution of the mean

old gas fraction of haloes with their cluster-centric distance, split 
y stellar mass. Error bars indicate standard errors on the mean, with
000 haloes per bin, except for the curve with the most massive
aloes with 300 haloes per bin. 
Overall (light blue), the cold gas fraction of haloes decreases 

pproaching the cluster centre. This decrease is minimal in the 
MNRAS 512, 926–944 (2022) 
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Figure 6. Left-hand panel: Mean cold gas fraction ( f cold 
gas ) versus distance to centre of cluster, for different stellar mass bins. Haloes lose cold gas, as they 

approach the cluster centre. Centre panel: Mean f cold 
gas versus distance to filament, split by cluster-centric distance. Haloes outside R vir progressively lose their 

cold gas closer to filaments. Comparatively, haloes inside the R vir exhibit an uptick in cold gas closer to filaments. Right-hand panel: Mean f cold 
gas versus angular 

separation ( D fil / D cent ). Within clusters, f cold 
gas increases at lower angular separations. All error bars are standard error on the mean, with ≈5000 haloes per bin. 
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luster outskirts, then sharp inside 1 R vir . This is consistent with
he result obtained for galaxy colours in the previous section and
imply indicative of expected environmental quenching. 

The cold gas fraction of haloes decreases by at most 0.05 from 3 to
 R vir in an y giv en mass bin. Galaxies below 10 10.5 M � (light green)
xhibit the largest drop in cold gas fraction, from approximately 0.5 to
.03, while more massive galaxies (purple) drop from approximately
.2 to 0.03. This is aligns with the expectation that galaxies are
tripped of their cold gas stores by ram pressure, as they fall through
he intra-cluster medium (Wetzel et al. 2013 ; Roberts et al. 2019 ;

aier et al. 2019 ), with the smaller galaxies having a weaker
ravitational potential to hold on to their cold gas. This figure again
emonstrates that galaxy quenching is strong and progressive within
he simulated clusters. 

The most massive galaxies (above 10 11.5 M �, in pink) consistently
aintain a cold gas fraction of approximately 0.1, dropping by

pproximately 40 per cent only in the heart of clusters. This is again
n line with the fact that these are most often the centrals of massive
roups or small clusters, affected by their local environment rather
han the main cluster environment. 

We examine the impact of cosmic filaments in the middle panel of
ig. 6 , which shows the mean cold gas fraction of haloes in relation

o their distance to closest filament, again split by cluster-centric
istance. Error bars indicate standard errors on the mean, with 5000
aloes per bin. 
Haloes residing within 1–2 R vir and at distances > 2 R vir away

rom the cluster centre have similar average cold gas fractions at
xed distance to filament D fil , but this gas fraction decreases sharply
ith decreasing D fil . 
This is consistent with the fact that filament galaxies are on average
ore massive hence redder and more gas-poor than their counterparts

urther away (Kraljic et al. 2017 ; Welker et al. 2019 ). 
Moreo v er, field filaments are much denser and the site of
arkedly increased galaxy numbers than their surrounding voids

nd walls, where galaxies are more isolated and evolve in a lower
NRAS 512, 926–944 (2022) 
ensity, less violent environment. This increase in galaxy count
ear filaments translates into an increase in galaxy interactions and
ergers. Recent studies suggest that this increase in interactions

nd turbulence drives some early quenching or pre-processing in
lament galaxies (Kraljic et al. 2017 ; Laigle et al. 2017 ; Sarron et al.
019 ). This likely contributes to the steep decrease of f cold 

gas towards
laments for galaxies outside R vir , as is investigated in the next 
ubsection. 

A different trend is observed around filaments between 0.3 and
 R vir . The mean cold gas fraction increases by approximately
0 per cent towards the spine across the inner 1 h −1 Mpc to an intra-
luster filament. This upturn is in line with our results on galaxy
olour, again indicating that intra-cluster filaments are ef fecti vely
elaying quenching. 
Note ho we ver that, at fixed D fil , the mean cold gas fraction for

aloes beyond R vir is al w ays higher by 10 per cent or more than
aloes in the 0.3–1 R vir bin. This is expected as haloes transition
rom the field environment to the dense, hot cluster environment
here cold gas is heated up and/or stripped, as per the left-hand
anel, and this effect remains dominant in predicting the cold gas
raction of a satellite halo. 

To accommodate for the bias whereby haloes residing closer to
he cluster centre are by definition closer to a filament, we repeat our
nalysis with D fil / D cent , the angular separation of a halo/galaxy to its
earest filament, in the right-hand panel of Fig. 6 . We see that the
aloes outside the cluster virial radius still exhibit the same strong
ecrease in cold gas fraction at small filament separations, consistent
ith the centre panel and with the fact that f cold 

gas shows little variation
ith D cent outside R vir . 
But this new measure reveals a strong, progressive increase of

he average cold gas fraction as the angular separation to an intra-
luster filament decreases (red). This occurs despite the increase
n stellar mass associated with filament proximity and clearly points
owards the ability of cluster galaxies residing near filaments to retain
r accrete cold gas. In the next section, we proceed to specifically
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Figure 7. Average cold gas fraction ( f cold 
gas ) versus stellar mass, binned by 

angular separation to filament and residency inside or outside a cluster. f cold 
gas 

decreases with increasing stellar mass. Outside clusters, f cold 
gas decreases at 

smaller angular separations. Inside a cluster, it conversely increases as angular 
separation decreases. All errors are standard error on the mean. The smallest 
bin contains at least 350 haloes. 
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Figure 8. Average cold gas fraction ( f cold 
gas ) versus DM halo mass for all 

genuine satellites, binned by angular separation to filament and residency 
inside or outside a cluster. Outside clusters, f cold 

gas decreases at smaller angular 
separations. Inside a cluster, it conversely increases as angular separation 
decreases. 
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nvestigate further the stellar mass dependence of the trends described 
n this and the previous sections. 

.4 Stellar mass dependence 

e have established that haloes hosting galaxies appear bluer and 
ontain more cold gas close to intra-cluster filaments than their 
ounterparts further away, while haloes outside clusters display the 
pposite trend. It is important to ensure that these effects are due
o filaments and not merely due to a halo’s stellar mass as there
s a strong increase in stellar mass near the spine of filaments
Appendix A ). More generally, the mass dependence of such trends
s interesting to analyse. We therefore analyse the direct relationship 
f the cold gas fraction with stellar mass in this section. 
Fig. 7 shows the average cold gas fraction for haloes against 

heir stellar mass, distinguished by both angular separation D fil / D cent 

colours) and residency inside or outside the cluster virial radius 
dashed versus solid lines). 

Across all angular separations and distances to the cluster centre, 
he average cold gas fraction markedly decreases with increasing 
tellar mass. This is expected as galaxies use up their cold gas stores
o form stars as they become more massive. It also confirms that the
ncrease in cold gas fraction exhibited by haloes near intra-cluster 
laments in Fig. 6 is not correlated to the increase in stellar mass
lose to filaments. 

The most massive haloes, with stellar masses greater than 
0 11.5 M �, are found e xclusiv ely along the spine of cosmic filaments
often as secondary nodes of the cosmic web), hence reside at the
mallest angular separations (blue). Noticeably, there is less than 
.02 difference in cold gas fraction between such massive haloes 
utside (dashed) versus inside (solid) the cluster environment, the 
mallest difference across any fixed mass. This re-iterates that these 
aloes are centrals of massive groups that do not feel the effects of
he transition to, and journey through, the cluster environment. 

At fixed stellar mass outside the cluster environment (dashed 
ines), cold gas fraction decreases as angular separation to filament 
 D fil / D cent ) decreases. This effect is present irrespective of stellar
ass and largest for the lowest mass haloes. This is in line with
ur previous results but now indicates clear pre-processing of field 
alaxies in filaments outside clusters at all stellar masses. 

Opposing this, at fixed stellar mass inside the cluster environment 
solid lines), cold gas fraction increases as angular separation to 
lament decreases, again most ef fecti vely for the lowest mass haloes,
lthough apparent across the stellar mass range. This indicates that 
he halting of quenching we established in these regions is directly
aused by the presence of the intra-cluster filaments and efficient at
ll masses, rather than an effect of the mass distribution. We discuss
his no v el contrast in the following section. 

.5 DM halo mass dependence 

stimating the DM halo mass dependence of such trends is crucial.
e verified that DM mass increases towards filaments in a fashion

imilar to the stellar mass. Ho we ver, a gi ven stellar mass can
orrespond to widely varying DM halo masses depending on whether 
e are considering the central galaxy of a satellite halo (a genuine

atellite ) or a smaller mass satellite in a larger DM satellite halo, i.e
 ‘satellite of another satellite’, which we refer to as a sub-satellite .
enuine satellites evolve under the direct influence of filaments and 

heir host cluster while sub-satellite can also undergo pre-processing 
ithin their primary host. 
For simplicity, we therefore limit ourselves to genuine satellites in 

he following section. Sub-satellites’ evolution is qualitatively similar 
nd secondary variations are out of the scope of the present study.
or a more detailed analysis of how filaments impact pre-processing 

nside clusters, we refer the reader to our upcoming follow-up paper
Welker et al., in preparation). 

In Fig. 8 , we reproduce the analysis of Fig. 7 replacing stellar mass
y DM halo mass for all genuine satellites. It shows the average cold
as fraction for haloes against their DM halo mass, distinguished by
oth angular separation D fil / D cent (colours) and residency inside or
MNRAS 512, 926–944 (2022) 
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Figure 9. Illustration of observed trends and proposed mechanisms. Outside 
the cluster, galaxies are pre-processed near dense filaments. Inside clusters, 
galaxies closer to filaments experience less quenching (hence remain bluer) 
due to reduced strangulation and ram pressure stripping (RPS) in the cooler, 
more coherent filament flows. 

Figure 10. Evolution of the ICM diffuse gas density with distance to 
filaments. Density increases towards the spine of filaments but filaments 
are little contrasted within R vir . All errors on the mean are below the 0.01 dex 
level and are therefore omitted. 
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utside the cluster virial radius (dashed versus solid lines). Shaded
reas are standard error on the mean. 

At fixed halo mass, the cold gas fraction of cluster satellites
ecreases away from the filament, showing once again that this
ehaviour is not just a tracer of more massive haloes lying closer
o filaments. The opposite trend is observed outside the cluster,
nce again consistent with increased density-related quenching in
laments lying outside clusters. 
Interestingly, this analysis also confirms that, inside the cluster,

he cold gas fraction decreases at lower DM halo mass, consistently
ith low-mass haloes being more easily stripped and quenched than

heir massive counterparts. This trend was ho we ver lost with stellar
ass as 

(i) higher stellar masses also reflect increased conversion of cold
as into stars. 

(ii) low-stellar mass bins on Fig. 7 include galaxies that are sub-
atellites, hence better protected from accretion shocks at entry into
he cluster (see Welker et al., in preparation). 

.6 Contrasting intra-cluster filaments with their field 

ounterparts 

he fact that the impact of intra-cluster filaments on local galaxies
un contrary to those of field filaments may seem surprising. It
hould ho we ver be stressed that in the field, filaments are a region of
ncreased interaction and disruption compared to the lower density
ackground go v erned by less turbulent cosmic flows (Aragon Calvo,
eyrinck & Silk 2019 ). Ho we ver, in clusters, interactions and strip-
ing by the dense, hot, turbulent intra-cluster medium are ubiquitous
nd dominant effects. Thus, while field filaments represent a more
ynamic environment relative to their surroundings, intra-cluster
laments may on the contrary be quiet in comparison to the rest
f the cluster. Indeed, the ability of filaments to channel colder, more
aminar gas streams along their spine deep into the cluster, where
hey might later diffuse locally, may help galaxies resist quenching
rom ram pressure stripping or strangulation, either by allowing more
as accretion on to galaxies or by lowering the local ram pressure on
o haloes. 

Fig. 9 summarizes these expectations and illustrates this scenario,
hich we investigate in Section 4 by carefully analysing the dynamics
f both the intra-cluster medium and galaxies around filaments. 

 H A LT I N G  QU E N C H I N G :  DY NA MIC S  O F  G A S  

N D  G A L A X I E S  A RO U N D  FILAMENTS  

aving established that cluster galaxies in proximity to cosmic
laments exhibit telltale signs of delayed quenching, we investigate

he dynamics of haloes and gas flows around filaments in the cluster
nvironment to understand the origin of this effect. 

.1 Density and temperature of intra-cluster filaments 

s gas (cold gas in particular) is crucial to star formation, we examine
he gas around filaments to understand the intra-filament medium and
ow it delays the quenching of cluster galaxies. 
Fig. 10 shows the cylindrical density profile of diffuse gas around

laments in our simulation. Gas is binned by its cluster-centric
istance, and we exclude all gas within the virial radius R 

sat 
vir of

atellite haloes in order to focus on the background gas profile of
he intra-cluster medium rather than the gas already within haloes.

e verified ho we ver that including gas in haloes did not qualitatively
NRAS 512, 926–944 (2022) 
odify the results. We present v olume-weighted a verage values, with
o temperature cut. 
Irrespective of distance to the centre of the cluster, all curves show

 progressive increase in diffuse gas density approaching the spine
f filaments. This is to be expected, as by definition density peaks at
he spine of cosmic filaments. Ho we ver, while the overall increase
n density of diffuse gas from 2 h −1 Mpc from a filament to its
pine is at least a factor of 10 for the 1–2 and > 2 R vir bins, it is
educed to a factor of 3 in the 0.3–1 R vir bin. This decrease in the
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art/stac300_f10.eps


Intra-cluster filaments delay quenching 937 

Figure 11. Mean temperature of the diffuse ICM gas versus distance to filament (left-hand panel) and angular separation (right-hand panel). Filaments persist 
as cooler gas streams down to 0.3 R vir . All errors on the mean are below the 0.01 dex level and are therefore omitted. 
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ensity contrast of diffuse gas filaments within R vir is even more 
triking when correcting for the correlation between D fil and D cent , 
hich further reduces the filament contrast to less than a factor of 2
ithin R vir , without impacting the contrast outside R vir . Filaments are

herefore not very contrasted in terms of density within the cluster. 
In comparison, at fixed distance to filament ( D fil ), gas is markedly

enser closer to cluster centre. Moving from outside the cluster (1–2 
nd > 2 R vir ) to the 0.3–1 R vir region, an increase in density by at
inimum a factor of 3 is present ( ≈6 on average), and similarly
oving from that bin to the deepest cluster-centric bin ( < 0.3 R vir ),
here it can even reach more than 10. This shows that clusters are

ncreasingly dense environments toward their centres and that this 
ensity increase is dominant o v er the filamentary increase within 
 vir . 
Therefore, while density-induced quenching mechanisms are rel- 

 v ant for field filaments, we cannot expect that same impact from
ntra-cluster filaments. This is re-visited in Section 4.4 when we 
xamine ram pressure stripping in detail. 

Gas closest to cluster centre exhibits the largest increase in density 
pproaching the filament spine. Ho we ver, once again, for gas within
.3 R vir motion towards the closest filament is strongly correlated to 
otion towards the cluster centre where the central node of filaments 

esides. As such, at this depth within clusters, increasing cluster 
ensity is a more rele v ant factor than filaments. We checked that
ooking at evolution of density with D fil / D cent rather than with D fil 

id ef fecti vely reduce the maximal amplitude of variation across
bserved range from 1.4 to 0.6 dex for haloes within 0.3 R vir , and
rom 0.5 to < 0.1 dex for haloes within 0.3–1 R vir . 

While the density contrast of intra-cluster gaseous filaments is 
imited, this may not be the case for their temperature contrast. 

Indeed, in the field, as it collapses into filaments, gas shocks and
ools as it radiates energy and entrop y aw ay, so the spine of filaments
ay funnel cooler gas towards the nodes of the cosmic web (Katz
 White 1993 ; Brooks et al. 2009 ; Keres et al. 2009 ; Kleiner et al.

017 ). 
Ho we ver, whether cold flows persist deep into the cluster envi-

onment has been subject to debate as intense enough streaming 
nstabilities, active galactic nuclei, and supernova feedback might 
hred them apart (Powell et al. 2011 ; Dubois et al. 2013 ; Zinger et al.
016 , 2018 ). 
None the less, irrespective of what disturbs these high redshift 
treams in clusters, they might still pervade the ICM in the form of
emperature anisotropies, detectable at z = 0. 

Fig. 11 shows the temperature profile of gas around filaments, 
ylindrically in the left-hand panel and with angular separation 
 D fil / D cent ) to filament in the right-hand panel. Gas is again separated
y cluster-centric distance, and gas within the virial radius of haloes
s excluded. Values shown are volume-weighted averages. 

Gas residing further than 0.3 R vir from cluster centre does exhibit
rogressive cooling approaching filaments radially (left-hand panel), 
n effect that is even sharper at decreasing angular separation (right-
and panel). This demonstrates that filaments persist as cooler flows 
own to this depth in the cluster environment. Notably, gas in the 0.3–
 R vir bin in the left-hand panel exhibits cooling within a 1 h −1 Mpc
adius to a filament, in line with the radius of influence exhibited for
olour (Fig. 5 ) and cold gas fraction (Fig. 6 ). 

Note that in both panels, gas deeper within a cluster (orange
o blue) is consistently hotter across all distances to filament and
ngular separations. This is expected as the temperature of the diffuse
as is demonstrated to increase deep within clusters due to the fact
hat density also increases. Note that while radiative processes are 
bserv ed to rev erse this trend in the ultra-dense, innermost cores of
cool core’ clusters, this phenomenon occurs on scales significantly 
maller than the minimal averaging scale probed in this study 
0 . 3 R 100 )). Ho we ver, cluster gas within 0.3 −1 R vir at small filament
ngular separations ( D fil / D cent < 0.2) is actually colder than outskirt
as (within 1 −2 R vir ) at large separations ( D fil / D cent > 0.4), a region
here galaxies typically undergo little to no quenching. 
Temperature plateaus/monotonously increases for the deepest gas 

in. As discussed for the density profile, at this depth moving towards
he filament highly correlates to moving towards the cluster centre. 
hus, this rise in temperature is due to the fact that density increases

owards the cluster centre. 
Since both haloes (Section 3.3 ) and diffuse material (this section)

xhibit a stark increase in cold gas within the inner 1 h −1 Mpc
f filaments, and progressively with decreasing angular separation, 
his suggests that interactions between haloes and the intra-filament 
edium might be the origin of the resistance of local haloes to

uenching. In the following section, we examine how both the diffuse
as and haloes flow along intra-cluster filaments. 
MNRAS 512, 926–944 (2022) 
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M

Figure 12. Left-hand panel: Median evolution of the cosine of the angle between a halo’s velocity and its nearest filament versus D fil . Error bars are standard 
error on the mean and coloured contours indicate 40th–60th percentiles. These latter are omitted below 0.3 R vir for visibility. Dashed lines represent the null 
hypothesis. Halo flows between 0.3 and 1 R vir align with filaments up to 2 h −1 Mpc from the spine. Right-hand panel: Median evolution of the cosine of the 
angle between the diffuse gas velocity and the nearest filament versus D fil . All errors on the mean are below 0.025 and are therefore omitted. Gas flows within 
the cluster strongly align with their filaments in their vicinity. 
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.2 Flows near filaments 

o understand how the cooler gas streams of intra-cluster filaments
nteract with haloes, we first examine their respecti ve flo ws along
laments. 
In the left-hand panel of Fig. 12 , we plot the median evolution of

he cosine of θ , the angle between the velocity vector of a halo and
ts nearest filament direction, as computed in equation ( 3 ) (oriented
nwards). The angular separation version of this plot can be found in
ppendix 2 of the Supplementary material. Haloes are split into bins
y their cluster-centric distance. The dashed lines represent the null
ypothesis (no specific impact of filaments, hence roughly isotropic
ows into the cluster), whereby the filament network of each cluster

s rotated by 45 ◦ in a random direction before the measurements as
xplained in Section 2.5.1 and, in further details, in appendix 1 of
he Supplementary material. A median value of cos ( θ ) = 1 means
ll haloes are flowing inwards parallel to their nearest filament, and
n case of random flows we expect a median cos ( θ ) = 0. In theory,
alues close to 0 can also be obtained if all haloes flow perpendicular
o the filament but in such a case we would also have a median
 cos ( θ ) | ≈ 0 and we verified that | cos ( θ ) | > 0.5 in all bins up to 4
 

−1 Mpc away from filaments, suggesting at least relative alignment
ue to radial flows into the cluster. 
Error bars indicate standard error on the mean, while coloured

ontours indicate the spread from the 40th to the 60th percentile.
here are 5000 haloes per bin. 
At distances to filament ( D fil ) greater than 1 h −1 Mpc, haloes

esiding beyond 1 cluster virial radius (1–2 and > 2 R vir ) have
enerally high cos ( θ ) values, abo v e 0.6, higher than those residing
nside 1 virial radius ( < 0.3 and 0.3–1 R vir ). This indicates that, within
 h −1 Mpc from the spine, haloes outside the cluster environment
end to flow more parallel to their filaments and more consistently
nwards than haloes inside the cluster environment, which evolve
n a highly mixed, multistreaming region and can also experience
acksplash. Ho we ver, the specific boost in coherence at the spine
f filaments at D cent > 1 R vir (i.e. not merely attributable to steady
adial flows into the cluster) is somewhat limited ( ≈ 0.05 difference
n cos ( θ ) with the null hypothesis (isotropic cluster flows) at the
pine). 

In contrast, haloes 0.3 to 1 R vir away from the cluster centre display
 strong steady increase in median cos ( θ ) within 2 h −1 Mpc from the
NRAS 512, 926–944 (2022) 
laments, from 0.4 to 0.8. This indicates that galaxy flows go from
ess to markedly more aligned with intra-cluster filaments closer to
he spine. It is important to notice that this sharp increase in cos ( θ ) is
ot replicated in the null hypothesis for these haloes, indicating that
t is not simply a geometric correlation with predominantly radial
ows. In fact, galaxy flows start to align more with filaments than

he isotropized expectation at 1–1.5 h −1 Mpc from the spine, in line
ith the previously estimated filament radius of influence on cold
as fraction. 

Moving to the cluster’s core, haloes closest to the centre ( < 0.3 R vir )
ave cos ( θ ) values close to 0 across the filamentary distance range
hey are found. This indicates high mixing and little to no correlation
etween the flow of these haloes and their nearest filament. In
ine with our discussion in the previous section, we do not expect
laments to stand out as cold gas flows in this regime. 
We next look at how the diffuse gas (i.e not in satellites) is

owing around and away from filaments using the same mea-
ure. The right-hand panel of Fig. 12 displays the evolution
f median cos ( θ ), computed from the gas particles’ velocities,
gainst D fil . (The angular separation version of this plot can be
ound in Appendix 2 in the Supplementary material.) Similar to
aloes, gas beyond the cluster virial radius (orange and green
urves) tends to have higher cos ( θ ) values than gas inside of
he cluster virial radius (blue and red curves). This indicates that
ows of gas outside of the cluster environment are strongly ra-
ial to the cluster and coherent along filaments even 2 h −1 Mpc
way from filaments. The specific enhancement of alignment with
laments (compared to the null hypothesis in dashed lines) is
one the less clear within 1.5 h −1 Mpc from the nearest fila-
ent. 
Gas in the 0.3–1 R vir bin sees a strong, progressive increase in

os ( θ ) values at distances lower than 1.3 h −1 Mpc from intra-cluster
laments, going from 0.2 to 0.7. The null hypothesis in this bin clearly
oes not exhibit this same increase, indicating that gas streams are
arkedly more coherent along intra-cluster filaments than further

way and that this is not simply a geometric correlation with radial
luster flows. 

Once ag ain, g as closest to the cluster centre (blue curv e) e xhibits
he lowest cos ( θ ) values with fluctuation of less than 0.05 across the
lamentary distance range. As with the haloes in this regime, we are
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Figure 13. Fraction of haloes accreting cold gas ( f acc ) versus angular 
separation to filament. Halos are binned by cluster centric distance. Coloured 
contours show 1 σ bootstrap errors. f acc increases at low angular separations 
for haloes within 0.3–1 R vir , while it mostly decreases towards filaments 
outside clusters. 
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Figure 14. Evolution of median ram pressure with filament angular separa- 
tion for haloes which are binned by cluster-centric distance and host cluster 
mass (in units of M �). In clusters, ram pressure slightly decreases at small 
angular separations.The opposite is true outside clusters. 
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eeing mostly random flows, strengthening the conclusion that cool 
as filaments do not persist at this cluster depth. 

In summary, inside the cluster and down to 0.3 R vir , both gas
nd haloes hosting galaxies are flowing together in coherent streams 
long filaments towards the cluster centre. We checked that these 
esults in a decrease in differential velocity between the intra-cluster 
iffuse gas and galaxies. On average, the relative decrease in δv 

eaches a factor 2 between D fil / D cen = 0.4 and D fil / D cen = 0. Since
he density contrast between intra-cluster filaments and the ICM is 
imited to a factor of 2–3 on average, one can anticipate that this
ecrease may prevent any increase of ram pressure towards these 
laments. This is what we confirm in Section 4.4 . 
This supports the idea that cluster galaxies close to filaments 
ay retain the ability to accrete gas efficiently, and/or undergo 

educed ram pressure stripping. This is further investigated in the 
ext sections. 

.3 Fraction of accreting haloes 

iven that haloes and cooled gas flow together along intra-cluster 
laments, we now analyse the ability of cluster haloes to keep 
ccreting cold gas near and far from filaments. We quantify how 

alaxies are accreting cold gas using equations ( 4 ) and ( 5 ). 
Fig. 13 shows the fraction of haloes accreting cold ( T < 10 5 K) gas

gainst their angular separation ( D fil / D cent ) to their nearest filament.
s usual, haloes are binned based on their cluster-centric distance. 
oloured contours indicate 1 σ bootstrap errors. There are 2500 
aloes per bin. 
As expected, haloes residing beyond one virial radius (1–2 and > 2

 vir ) have consistently higher accreting fractions than those residing 
nside one virial radius ( < 0.3 and 0.3–1 R vir ), across the entire angular
eparation range. Given that the field environment is colder and less
urbulent than the cluster environment, it follows that it is generally 

ore likely for a galaxy to be accreting cold gas in the field/outskirts
f the cluster than inside the cluster itself. 
These outskirt/field haloes mostly experience a progressive de- 

rease in accreting fraction at smaller angular separations. The 
econdary increase of accreting fraction at the spine of filaments 
 D fil / D cent < 0.1) is a bias, once again due to the presence of
assive groups (hosting massive centrals) at the spine of filaments 
Appendix A ). For these haloes outside the cluster, their accretion es-
entially decreases near filaments, as they undergo more interactions 
nd experience pre-processing. 

In contrast, haloes between 0.3 and 1 virial radius exhibit a
rogressive increase in accreting fraction closer to filaments, from 

elow 10 per cent to 30 per cent from an angular separation of 0.3–
.1. In Appendix B , we show that this increase in accreting fraction
t low angular separations is observed at all stellar masses and not
imply related to the underlying mass distribution near filaments. 
ote that this also extends to evolution with halo mass. 
At angular separations D fil / D cent > 0.3, only around 10 per cent

f haloes in this cluster-centric distance range are accreting. This 
ndicates that the coherent flows of gas and haloes along filaments
esult in ef fecti ve accretion of cold gas into filament haloes inside
he cluster environment. 

No more than 10 per cent of haloes within 0.3 R vir are accreting
t an y giv en angular separation. As we have established before, this
egime does not contain filaments in the form of cool gas flows, and
he centre of the cluster environment contains the warmest gas as
stablished in Fig. 11 . 

Within the cluster environment, these are clear indicators that the 
ooler gas flows that galaxies are streaming along with near filaments
re refreshing their fuel supply in an otherwise extremely hot, violent
nvironment. This supports the idea that intra-cluster filaments 
rovide relief from quenching by reducing local strangulation. 

.4 Ram pr essur e stripping 

iven that it is a dominant effect deep within clusters, we quantify
he ram pressure stripping that our haloes experience near and far
rom filaments to assess whether filaments can in fact reduce this
ffect. We estimate ram pressure, P ram 

= ρshell ( δv ) 2 , as described in
ection 2.5.3 . 
Outside clusters, simulations suggest that ram pressure values are 

ypically lower than 10 −13.5 Pa ·h 2 , while deep inside clusters, they
an increase up to around 10 −11 Pa ·h 2 (e.g. Tonnesen & Bryan 2009 ;
ecce et al. 2010 ; Marshall et al. 2017 ). 
Fig. 14 displays the variation of ram pressure around haloes with

ngular separation ( D fil / D cent ) to their nearest filament, separated
y cluster-centric distance. Haloes residing at 0.3–1 R vir are further 
eparated by the mass of the cluster in which they reside. 
MNRAS 512, 926–944 (2022) 
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Halos residing at 1–2 and > 2 R vir experience much lower ram
ressure than those haloes at < 0.3 and 0.3–1 R vir . This is to
e expected as haloes typically enter the hot, dense, intra-cluster
edium within a cluster’s virial radius. We explore the evolution

f ram pressure with cluster-centric distance in Appendix 3 of the
upplementary material. 
For haloes living at 1-2 and > 2 R vir , ram pressure significantly

ncreases from 10 −16 or less to 10 −14.5 Pa h 2 at decreasing angular
eparation to nearest filament ( D fil / D cent from 0.6 to 0.05). The
ecrease noted at less than 0.1 angular separation from approximately
0 −14 to 10 −14.5 Pa h 2 is of little significance for stripping as it
emains well below typical cluster values (as seen in Appendix 3
f the Supplementary material). The large increase in ram pressure
pproaching filaments in the field can largely be explained by the
ncrease in density approaching field filaments in comparison to the
ackground field. 
Starkly different, haloes living at < 0.3 and 0.3–1 R vir away

rom the cluster centre see no increase in ram pressure stripping
ith decreased angular separation to filaments, an effect mostly

ndependent of cluster mass. Haloes within 0.3–1 R vir of clusters
elo w 10 15 M � ho we v er e xperience a slight decrease in median ram
ressure from around 10 −12.9 Pa h 2 at angular separation 0.8 to around
0 −13.2 Pa h 2 at angular separation 0.1 and even 10 −13.6 Pa h 2 at the
lament spine. This is the equi v alent of median decrease in ram
ressure a halo would experience being at 0.7 R vir from the cluster
entre rather than 0.5 R vir , as seen in Fig. 3 of the Supplementary
aterial, a significant difference in the context of quenching. 
This is evidence that the coherent streams of cold gas along intra-

luster filaments are sufficient to compensate the filaments’ limited
ontrast in density (compared to the ICM), hence halting the increase
f ram pressure towards filaments and the stripping of gas from
luster galaxies. 

Note that ram pressure stripping not only relies upon the ram
ressure a galaxy experiences, but also on the gravitational potential
f the galaxy. Given that haloes are increasingly massive approaching
he spine of filaments (Appendix A ), it follows that these haloes
a ve larger gra vitational potentials. This, in combination with the
act that ram pressure plateaus or even decreases approaching intra-
luster filaments, indicates that ram pressure stripping is actually
ignificantly decreased for cluster galaxies near filaments. 

We further analyse the dynamical extent of gas stripping on the
alo scale in the next section. 

.5 Quantifying the gas stripping in haloes: the gas unbinding 
arameter 

here ram pressure stripping is dominant, galaxies have long tails
f gas trailing behind them (Ebeling, Stephenson & Edge 2014 ;
oggianti et al. 2017 ). Once ef fecti vely stripped, nearly all cold,
tar-forming gas is completely disassociated with the star and
ark matter content of a halo. That is, the gas is unbound. The
nbinding parameter, B g , defined in Section 2.5.4 quantifies how
tripped/disturbed the gas content in a given halo is. The lower the
 g of a halo, the more associated its gas content is with the stellar
nd dark matter components, and thus the less stripped (and more
ound) it is. For B g � 2, the gas is mostly unbound and increasing
alues relate to increasing differential velocity between the halo and
he ICM. 

Fig. 15 shows the median evolution of B g with respect to a halo’s
ngular separation ( D fil / D cent ) to its nearest filament. Halos are binned
y their cluster-centric distance and coloured contours indicated the
NRAS 512, 926–944 (2022) 
0th–60th percentile spread, while error bars indicate the standard
rror on the mean. There are 1500 haloes per bin. 

Haloes that reside at 1–2 and > 2 R vir have significantly lower B g 

alues than those that reside at < 0.3 and 0.3–1 R vir when further
han 0.2 angular separation from their nearest filament. As seen with
ther measures in this work, this is expected as galaxies in the field
re in a quiet environment and thus retain their gas, while those in
lusters are at various stages of being stripped. 

Haloes residing at 1–2 and > 2 R vir see an increase in their B g value
t smaller filament angular separations, particularly within D fil / D cent 

 0.2. This indicates that galaxies closer to field filaments see an
ncreased disassociation from their gas content, with tails of gas
treaming behind them. This is consistent with the increased density
nd ram pressure stripping established in outskirt filaments. Note
hat the sudden decrease of B g at the spine ( D fil / D cent < 0.05) is once
gain a mass effect related to the local o v er-representation of massive
roups less disturbed by the ICM (see Appendix A ). 
In clear contrast with this result, haloes residing 0.3–1 R vir from the

luster centre display a strong, progressive decrease in their B g values
t decreasing angular separation to their nearest filament, progressing
rom a median B g of o v er 3 at D fil / D cent > 0.5 to below 1 at D fil / D cent

 0.1. Cluster galaxies far from filaments are expected to be heavily
tripped as they pass through the intra-cluster medium, resulting in
igh B g values reflecting gas mostly completely disassociated from
he stellar and dark matter components of the halo. The decreased B g 

alues of haloes closer to intra-cluster filaments indicate that the gas
n such haloes is significantly less disturbed than that of haloes further
way from filaments. Hence, such filaments are indeed providing
alaxies relief from gas stripping, resulting in more bound gas in
hese galaxies. 

In Appendix B , we further verify that these results hold at all
tellar masses. We also verify that similar trends are obtained for the
otal fraction of dry haloes, which include both haloes with B g > 2
nd haloes with no gas at all. In Appendix C , we also check for any
volution with halo mass. These trends in gas binding are therefore
istinctly correlated with the presence of gaseous filaments. 
Note that virtually all satellites within 0.3 R vir from their cluster

entre have B g values greater than 1 but usually less than 3.
atellites in this region are significantly stripped of their gas, yet
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heir differential velocity with the ICM is much reduced as they lie
n the cluster centre. 

Ov erall, we hav e demonstrated that the steady supply of in-
reasingly coherent, colder gas flows not impeded by ram pressure 
tripping in filaments limits the environmental quenching of galaxies, 
nstead sustained by ef fecti ve accretion, higher gas fractions and 
ncreased star formation rates. This effect is detected at all stellar
nd halo masses. 

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

n this study, we used 324 simulated clusters at z = 0 to analyse how
he properties of cluster galaxies vary with respect to their proximity 
o cosmic filaments. We find that galaxies exhibit delayed quenching 
loser to intra-cluster filaments, in contrast to the established trends 
or galaxies near field or outskirt filaments. We find decreased stran-
ulation and ram pressure in the vicinity of intra-cluster filaments to 
e the main causes of these trends. 
In detail, the trends we find for galaxies are as follows: 

(i) The fraction of star-forming cluster galaxies increases closer 
o filaments, irrespective of stellar mass. This indicates that intra- 
luster filaments actively modulate star formation and are not just 
osting more massive galaxies than their surroundings. 
(ii) Outside clusters, galaxies are redder closer to filaments. Inside 

lusters, they level off in colour and are bluer closer to filaments. 
(iii) Outside clusters cold gas fraction decreases for galaxies closer 

o filaments. Inside clusters, satellites near filaments display signif- 
cantly increased cold gas fractions compared to their counterpart 
atellites further from filaments. 

These results show that, while filaments are associated with pre- 
rocessing in low or average density environments, deep cluster 
laments delay the quenching of galaxies in the hot, dense cluster 
n vironment. Further in vestigating the origin of this quenching delay 
e find the following: 

(i) Filaments diving deep into clusters, down to 0.3 R vir , are regions
f coherent gas flows markedly colder than the ICM. 
(ii) The density contrast of intra-cluster filaments with the intra- 

luster medium is lower than for field or outskirt filaments with their
ackground environments. 
(iii) Galaxies and diffuse gas flow together along filaments. This 

s enhanced closer to their spines. 
(iv) The fraction of galaxies accreting cold gas within the general 

luster environment dramatically increases approaching filaments, 
ndicating a decrease in strangulation. 

(v) Ram pressure slightly decreases closer to intra-cluster fila- 
ents. In addition, galaxy mass and thus gravitational binding tends 

o increase. As a consequence, ram pressure stripping is decreased 
or cluster galaxies closer to filaments. 

(vi) The gas in galaxies closer to intra-cluster filaments is more 
ound and less disturbed than for galaxies in the rest of the ICM. 

Therefore, intra-cluster filaments are a distinct region of reduced 
uenching where cluster galaxies can keep forming stars as they 
all deeper into the cluster, a striking difference from their field 
nd outskirt counterparts. Note ho we ver that the entire analysis is
onducted at z = 0. Therefore, our study does not quantify how
his trend varies with cosmic time. Hence, we cannot conclude as
hat cosmic epoch is the most ef fecti ve in dri ving these quenching
elays. Since cool, laminar intra-filament flows are generally found 
o be more contrasted at z > 1, at a time where the progenitors of
lusters are less massive, it is possible that much of this trend is
riven by satellite evolution between z = 3 and z = 1 at the peak of
tar formation history. This will need to be investigated in follow-up
tudies. 

Further work will also focus on investigating the time evolution 
f haloes in the simulation, tracking haloes, as they evolve with
he filaments to identify how quickly and strongly the delay in
uenching appears. Higher resolution cluster simulations such as 
omulusC (Tremmel et al. 2018 ) or Charlotte’s W ebb (W elker
t al., in preparation) which better resolve the cluster regime, where
ydrodynamic streaming instabilities and feedback processes may 
ffect the structure of intra-cluster filaments, could also be used to
onfirm our analysis. DisPerSE has been used on data from large
urv e ys such as GAMA (Kraljic et al. 2018 ; Welker et al. 2019 ) and
OSMOS (Laigle et al. 2017 ) to build the cosmic web. This can in
rinciple be used to detect filaments plunging into clusters in 2D.
his could be combined with detailed information on galaxy colour 
nd gas content to confirm and extend our results in observations. 
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igure S1 . Illustration of the filament flipping method. 
igure S2 . Upper panel: Evolution of the median cosine of the angle
etween the velocity of a halo and its nearest filament versus angular
eparation to filament. 
igure S3 . Median ram pressure e x erted on haloes against cluster-
entric distance. 
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PPENDI X  A :  E VO L U T I O N  O F  STELLAR  MASS  

I TH  FI LAMENT  PROX IMITY  

ig. A1 shows the median halo stellar mass versus distance to nearest
lament ( D fil ) and angular separation to nearest filament ( D fil / D cent ),
espectively. Haloes are separated by cluster-centric distance, and
oloured contours indicate the 40th–60th percentile spread. 

Ov erall, as e xpected, stellar mass is increasing at lower distance
o filament and angular separation but the increase is actually very
eaked at the spine of filaments. Indeed, no change in median stellar
ass is observed across cluster-centric bins further away than 1
 

−1 Mpc from filaments (or at angular separation larger than 0.2).
n increase in halo stellar mass is detectable at D fil < 1 h 

−1 Mpc, but
he most significant increase in stellar mass is confined within very
ow filament distances/angular separations ( ≈ 80 per cent increase
owards the spine across the inner 0.5 h −1 Mpc or D fil / D cent < 0.05).
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Intra-cluster filaments delay quenching 943 

Figure A1. Upper panel: Median halo stellar mass versus distance to nearest 
filament. Lower panel: Median halo stellar mass versus angular separation to 
nearest filament. Coloured contours indicated 40th–60th percentile spread. 
Stellar mass of haloes increases approaching the spine of filaments. 
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Figure B1. Fraction of accreting haloes versus stellar mass, binned by 
angular separation to filament and residency within a cluster. Coloured 
contours show 1 σ bootstrap errors. Outside clusters, f acc decreases at smaller 
angular separations. Inside clusters, it conversely increases at smaller angular 
separations. 

Figure B2. Upper panel: Median B g versus halo stellar mass, binned by 
D fil / D cent and residency within a cluster. Coloured contours are 40th–60th 
percentiles. Outside clusters, B g increases at smaller angular separation while, 
inside clusters, it increases. Lower panel: Fraction of dry haloes versus halo 
stellar mass, with same binning. Coloured contours represent 1 σ bootstrap 
errors. Outside clusters, dry fraction increases at smaller angular separation 
while it decreases inside clusters. 
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It is notably clear that stellar mass is also increasing towards cluster
entres, as inner haloes (orange to green to red to blue) have higher
tellar masses at fixed distance or angular separation to filament. We 
lso checked that median halo mass (DM mass) follows qualitatively 
imilar trends with D fil and D fil / D cent . 

PPEN D IX  B:  E VO L U T I O N  O F  FRAC TION  O F  

C C R E T I N G  H A L O E S  A N D  G A S  U N B I N D I N G  

AR A M ETER  WITH  STELLAR  MASS  INSIDE  

N D  OUTSID E  T H E  CLUSTER  

1 Fraction of accreting haloes 

ig. B1 shows the fraction of haloes accreting cold gas versus stellar
ass, binned by their angular separation (colours) and residency 

nside (solid lines) or outside (dashed lines) the virial radius of clus-
ers. Coloured contours indicate 1 −σ bootstrap errors. As expected, 
he fraction of accreting haloes is higher outside clusters than inside 
lusters at all angular separations. 

Outside clusters, at fixed stellar mass, the accreting fraction 
ecreases at smaller angular separation (green to red to blue), 
onsistent with pre-processing in field/outskirt filaments. 
MNRAS 512, 926–944 (2022) 
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Figure C1. Median B g versus halo mass for all genuine satellites inside 
clusters (left-hand panel) and outside (right-hand panel) for various angular 
separations from filaments (colours). Shaded areas show the 40th–60th 
percentile. B g (gas disturbance) increases inside clusters but haloes closer 
to the filament experience a more limited increase. 
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Inside clusters, this trend reverses, and the accreting fraction
ncreases at smaller angular separation, irrespective of stellar mass.
his indicates that intra-cluster filaments are regions, where haloes
re more readily able to accrete than in the rest of the cluster
nvironment. 

Note also that most massive haloes (hosting massive centrals
 10 11.5 M �) lie in the smallest angular separation range (blue), and

hese tend to have higher accreting fractions. This f acc trend with
tellar mass in the high-mass range is responsible for the apparent
econdary increase of accreting fraction at the spine of filaments
 D fil / D cent < 0.07) seen in Fig. 13 . 

2 Gas unbinding parameter 

ig. B2 , upper panel, shows the median B g versus stellar mass
hile the lower panel displays the median fraction of dry haloes

 dry (equation 8 ) versus stellar mass. Results are binned by angular
eparation and residency inside (solid) or outside (dashed) R vir 

f clusters. Coloured contours indicate the 40th–60th percentiles
upper panel) or 1 σ bootstrap errors (lower panel). Expectedly,
alo gas is markedly less bound/more disturbed inside clusters than
utside clusters at all angular separations, and haloes are drier inside
lusters than outside clusters, as demonstrated by larger B g and f dry 

alues. 
Outside clusters, B g remains mostly below 1 across the full range of

tellar masses and angular separations. It is clear that, at fixed stellar
ass, B g and f dry increase at smaller angular separation (green to

ed to blue), consistent with pre-processing in field filaments causing
ore gas disturbance and loss. 
Inside clusters, this trend reverses: B g and f dry decrease at smaller

ngular separations. This indicates halo gas is less disturbed and
inds better to haloes in intra-cluster filaments than in the rest of the
CM. Note that the most massive haloes ( M > 10 11 M �) reside at the
lament spine, and generally display very low dry fractions, again
ue to the fact that these are massive groups that seldom feel the
mpact of the ICM. 

PPENDIX  C :  E VO L U T I O N  O F  G A S  B I N D I N G  

ARA M ETER  WITH  H A L O  MASS  F O R  

E N U I N E  SATELLITES  

ig. C1 , left-hand panel, shows the median B g versus halo mass inside
lusters, for all genuine cluster satellites (not satellite of a bigger
NRAS 512, 926–944 (2022) 
atellite). The right-hand panel displays the corresponding trend
utside clusters ( > R vir ). Results are binned by angular separation
colours). Coloured contours indicate the 40th-60th percentiles
upper panel). Expectedly, halo gas is markedly less bound/more
isturbed inside clusters than outside clusters at all angular separa-
ions as demonstrated by larger B g . 

Outside clusters, B g remains mostly below 1.0 across the full
ange of halo masses and angular separations. At fixed halo mass,
t increases at smaller angular separation (green to red to blue),
onsistent with pre-processing in field filaments causing more gas
isturbance and loss. 
Inside clusters, the reverse trend is observed, with haloes at smaller

ngular separation experiencing reduced gas disturbance ( B g < 1.2
cross all halo masses for D fil / D cent < 0.2). This confirms that
laments are able to reduce stripping independently of DM halo
ass. It should be noted that most massive haloes ( M vir > 10 13 M �)

emain the most resistant to gas disturbance, with at least 60 per cent
f them retaining B g < 1 even at D fil / D cent > 0.5. 
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