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A B S T R A C T 

We study the population of backsplash galaxies at z = 0 in the outskirts of massive, isolated clusters of galaxies taken from 

the MDPL 2- SAG semi-analytical catalogue. We consider four types of backsplash galaxies according to whether they are forming 

stars or passive at three stages in their lifetimes: before entering the cluster, during their first incursion through the cluster, 
and after they exit the cluster. We analyse several geometric, dynamic, and astrophysical aspects of the four types at the three 
stages. Galaxies that form stars at all stages account for the majority of the backsplash population (58 per cent) and have stellar 
masses typically below M � ∼ 3 × 10 

10 h 

−1 M � that a v oid the innermost cluster’s regions and are only mildly affected by it. In 

a similar mass range, galaxies that become passive after exiting the cluster (26 per cent) follow orbits characterized by small 
pericentric distance and a strong deflection by the cluster potential well while suffering a strong loss of both dark matter and 

gas content. Only a small fraction of our sample (4 per cent) becomes passive while orbiting inside the cluster. These galaxies 
hav e e xperienced heavy pre-processing and the cluster’s tidal stripping and ram pressure provide the final blow to their star 
formation. Finally, galaxies that are passive before entering the cluster for the first time (12 per cent) are typically massive and 

are not affected significantly by the cluster. Using the bulge/total mass ratio as a proxy for morphology, we find that a single 
incursion through a cluster does not result in significant morphological changes in all four types. 

Key words: methods: numerical – methods: statistical – galaxies: clusters: general – galaxies: evolution – galaxies: haloes –
galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

 or sev eral decades, the study of galaxy clusters and their impact
n the galaxy evolution has remained a captivating research subject. 
he process of galaxy evolution within clusters involves a myriad of
hysical mechanisms that operate across varying spatial and temporal 
cales. Both internal and environmental factors e x ert significant 
nfluence on the characteristics of galaxies, giving rise to a wide 
ange of possible transformations and adaptations. Supernovae (e.g. 
ower, Benson & Crain 2012 ; Stringer et al. 2012 ; Christensen
t al. 2016 ), active nuclei (e.g. Nandra et al. 2007 ; Hasinger 2008 ;
ilverman et al. 2008 ; Cimatti et al. 2013 ), and stellar feedback
e.g. Dalla Vecchia & Schaye 2008 ; Hopkins, Quataert & Murray
012 ) are among the internal mechanisms that impact galaxies. On 
he other hand, properties of galaxies, such as star formation (e.g. 
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ashimoto et al. 1998 ; Mateus & Sodr ́e 2004 ; Welikala et al. 2008 ;
lanton & Moustakas 2009 ; Schaefer et al. 2017 ; Coenda et al.
019 ), morphology (e.g. Dressler 1980 ; Whitmore, Gilmore & Jones
993 ; Dom ́ınguez, Muriel & Lambas 2001 ; Weinmann et al. 2006 ;
amford et al. 2009 ; Paulino-Afonso et al. 2019 ), luminosity (e.g.
dami, Biviano & Mazure 1998 ; Coenda et al. 2006 ), colour (e.g.
lanton et al. 2005 ; Mart ́ınez & Muriel 2006 ; Mart ́ınez, Coenda &
uriel 2008 ), and age (e.g. Thomas et al. 2005 ; Cooper et al. 2010 ;

heng et al. 2017 ), are significantly influenced by their environment.
Several mechanisms impact galaxies in clusters, some of which 

ause gas depletion and the halt of star formation. Galaxies that
o v e at high velocities through the intra-cluster medium (ICM)

xperience ram pressure stripping (RPS; e.g. Gunn & Gott 1972 ;
badi, Moore & Bower 1999 ; Book & Benson 2010 ; Steinhauser,
chindler & Springel 2016 ), which remo v es a significant portion of

heir cold gas and reduces their star formation rate (SFR). Moreo v er,
 galaxy’s trip through the ICM can result in the removal of its
arm gas, a phenomenon known as starvation (Larson, Tinsley & 
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aldwell 1980 ; McCarthy et al. 2008 ; Bekki 2009 ; Bah ́e et al.
013 ; Vijayaraghavan & Ricker 2015 ). Starvation inhibits future
tar formation by cutting off the supply of gas that cools from
he galaxy’s halo. Tidal stripping from the cluster potential is
nother mechanism that eliminates the gas supply (Zwicky 1951 ;
nedin 2003a ; Villalobos, De Lucia & Murante 2014 ). In contrast,

n intermediate-density areas such as cluster outskirts and groups,
arassment is a more ef fecti ve g alaxy–g alaxy interaction mechanism
e.g. Moore et al. 1996 ; Moore, Lake & Katz 1998 ; Gnedin 2003b ).
t causes both gas depletion and morphological transformations.
idal stripping from g alaxy–g alaxy encounters can truncate galaxies,
ainly discs, and result in spheroid-dominated galaxies (e.g. Smith

t al. 2015 ). Morphological evolution primarily depends on mergers
e.g. Toomre 1977 ; Barnes 1992 ; Di Matteo et al. 2007 ; Martin
t al. 2018 ), with gas-rich minor mergers producing massive discs
Jackson et al. 2022 ), and with major mergers resulting in spheroidal
ystems (Navarro & White 1994 ). 

Galaxies may encounter various environmental conditions and be
ubjected to one or more of the mechanisms discussed earlier at dif-
erent stages of their life cycle. As galaxies fall towards clusters, they
an experience different physical processes depending on whether
hey are part of a group (e.g. McGee et al. 2009 ; De Lucia et al. 2012 ;

etzel et al. 2013 ; Hou, Parker & Harris 2014 ), falling from the field
e.g. Berrier et al. 2009 ), or falling through filament streams (e.g.
olberg et al. 1999 ; Ebeling, Barrett & Donovan 2004 ; Mart ́ınez,
uriel & Coenda 2016 ; Rost et al. 2020 ; Kuchner et al. 2022 ).
efore entering the cluster, galaxies can undergo several physical

ransformations due to these processes, which are collectively called
re-processing (e.g. Fujita 2004 ; Mihos 2004 ). 
After being incorporated into a cluster, galaxies have two possible

utcomes: either they can remain bound to the cluster’s gravitational
eld or their trajectory can carry them away from the cluster, spanning
istances of up to several R 200 , the radius enclosing 200 times the
ean density of the Universe (e.g. Mamon et al. 2004 ; Gill, Knebe &
ibson 2005 ; Rines & Diaferio 2006 ; Aguerri & S ́anchez-Janssen
010 ; Muriel & Coenda 2014 ; Casey et al. 2023 ). Eventually, these
alaxies will turn around and fall back into the cluster during a
ubsequent infall. This unique population of galaxies is known as
acksplash (BS) galaxies (Balogh, Navarro & Morris 2000 ). These
articular galaxies can be used as laboratories to explore the impact
f the cluster environment on galaxy properties, and to disentangle
hich stage is more important in their lifetimes. Ho we ver, after these
alaxies leave the cluster, they may show characteristics of ‘post-
rocessing’ that are difficult to distinguish from ‘pre-processing’
ignatures. In addition, observational studies have demonstrated
hat environmental effects may extend beyond the halo boundary
o impact both baryonic components (e.g. Lu et al. 2012 ; Wetzel,
ink er & Conro y 2012 ) and dark matter haloes (e.g. Behroozi et al.
014 ). 
In the last few years, there have been many works about BS

alaxies from a theoretical perspective. Benavides et al. ( 2021 ),
sing the ILLUSTRISTNG hydrodynamical simulations (Marinacci
t al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ; Pillepich
t al. 2018 ; Springel et al. 2018 ), have found that BS galaxies
hat were in the past satellite of another group or cluster can be
he origin of quenched ultra-diffuse galaxies. Kuchner et al. ( 2022 )
xplored the concept of BS galaxies that are falling into clusters
long filaments. For the authors, these are galaxies outside the R 200 

hat remain gravitationally bound to the cluster, and they may have
ade several orbits around the potential centre. The study reveals

hat between 30 and 60 per cent of filament galaxies are classified
s BS galaxies. Interestingly, BS galaxies return to the cluster
NRAS 00, 1 (2023) 
fter deviating significantly from their initial trajectory upon entry,
articularly in more relaxed clusters. They do not exhibit a preferred
ocation with respect to filaments and are unable to collapse and form
laments themselv es. Sev eral studies of BS galaxies around clusters
ave been carried out using THETHREEHUNDRED project (Cui et al.
018 ), a suite of hydrodynamical resimulations of galaxy clusters.
aggar et al. ( 2020 ) found that the fraction of BS galaxies inhabiting
 shell between R 200 and 2 R 200 varies from 21 to 85 per cent, with
 mean value of 58 per cent, and that this fraction is dependent on
he dynamical state of the cluster. Knebe et al. ( 2020 ) performed a
etailed study of the shape and alignment of galaxies around clusters,
nding that BS galaxies have a larger radial alignment and more
pherical shapes than the infalling population of galaxies. Hough
t al. ( 2023 ) disco v ered that approximately 65 per cent of quenched
alaxies situated near clusters are BS galaxies. This suggests that a
ombination of RPS during the pre-processing stage and within the
luster is required to suppress star formation. Recently, Borrow et al.
 2023 ) used ILLUSTRISTNG simulations to study BS galaxies around
302 isolated galaxy clusters with mass 10 13.0 < M 200 /M � < 10 15.5 .
heir studies show that BS galaxies exhibit distinct characteristics
ompared to field galaxies, such as low gas fractions, high mass-
o-light ratios, large stellar sizes, and low black hole occupation
ractions. 

The aim of this study is to investigate the existence and conse-
uences of pre-processing in BS galaxies that have yet to cross the
irial radius, as well as the effects of clusters on their subsequent
volution, once they are situated in the outskirts. Specifically, this
esearch delves into the life cycle of these galaxies starting from
 Gyr prior to their initial crossing of the virial radius. This paper is
rganized as follows. In Section 2 , we describe the simulated galaxy
atalogue and define the types and stages considered. Dynamical and
strophysical properties of BS galaxies are analysed in Sections 3
nd 4 , respectively . Finally , in Section 5 we present the main remarks
f our work. 

 DATA  

o construct our sample of simulated galaxy clusters, we have
ombined dark matter-only simulations of regions that contain
luster-like haloes at z = 0 taken from the MDPL 2 cosmological
imulation, along with the semi-analytical model of galaxy formation
AG . In this regard, we will first provide a brief overview of the
ark matter simulation and the semi-analytical model, followed by a
escription of the selection criteria employed to construct the galaxy
ample in and around clusters. 

.1 The MDPL 2 cosmological simulation 

he MDPL 2 cosmological simulation is one of several simulations
ithin the MULTIDARK suite (Riebe et al. 2013 ; Klypin et al. 2016 ).
his simulation contains 3840 3 dark matter particles in a comoving
ubic box measuring 1 h 

−1 Gpc in length on each side. Each particle
as a mass of m p = 1 . 51 × 10 9 h 

−1 M �. The simulation assumes a
at Lambda cold dark matter cosmology with �m 

= 0.307, h = 0.678,
 = 0.96, and σ 8 = 0.823, which is consistent with measurements
ade by Planck Collaboration XVI ( 2014 ) and Planck Collaboration
III ( 2016 ). Using GADGET- 2 (Springel 2005 ), the simulation tracks

he dynamical evolution of dark matter particles from an initial
edshift z = 120. Over the course of the simulation, 126 snapshots
ere recorded between redshifts z = 17 and z = 0. 
Dark matter haloes and subhaloes were identified using the ROCK-

TAR phase-space halo finder (Behroozi, Wechsler & Wu 2013a ), and
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erger trees were constructed using CONSISTENTTREES (Behroozi 
t al. 2013b ). The halo/subhalo catalogues and merger trees used 
n this study are publicly accessible through the CosmoSim 

1 and 
kies & Universes 2 data bases, and form the foundation of the semi-
nalytical model for generating the galaxy population. 

.2 The SAG model 

he semi-analytical model of galaxy formation and evolution SAG 

acronym for semi-analytical galaxies) has its roots in the model 
resented by Springel et al. ( 2001 ); the most recent version is
escribed in Cora et al. ( 2018 ). It simulates the formation and
rowth of galaxies within each detected dark matter halo, tracking 
he evolution of galaxy properties through the merger trees of haloes 
nd subhaloes. The model can be used to study a wide range of galaxy
roperties, including their luminosity functions, mass functions, star 
ormation histories, and morphologies. The SAG model incorporates 
hysical processes such as gas cooling, star formation, and chemical 
nrichment. Star formation proceeds in both quiescent and bursty 
odes; the former takes place in gaseous discs, and the latter 

s triggered by disc instabilities and mergers contributing to the 
ormation of a stellar bulge and the growth of a central supermassive
lack hole. Feedback processes from both supernovae and active 
alactic nuclei are also included. 

One of the key strengths of the SAG model is its ability to
ncorporate environmental effects, such as RPS and tidal stripping, 
n galaxy properties. These effects occur predominantly within 
roups and clusters, which is particularly rele v ant to the current
nvestig ation. Upon becoming satellites, g alaxies retain a hot g as
alo that is gradually remo v ed by various processes, with RPS being
he primary contributor. As a result, the hot gas halo of a satellite
alaxy serves as a protective barrier against the effects of the ram
ressure e x erted by the intra-group/intra-cluster medium on the cold 
as located within the galaxy’s disc. This protective function persists 
rovided that the ratio between the hot gas halo and the galaxy’s
aryonic mass is greater than 0.1. None the less, if this ratio drops
elow the aforementioned threshold, the hot gas halo is considered 
xhausted, which enables ram pressure to strip the cold gas disc. The
pplication of RPS relies on a no v el analytical fitting profile, which
imulates the force of ram pressure acting upon satellite galaxies in 
istinct environments (characterized by the dark matter halo mass), 
t different halocentric distances and redshifts (Vega-Mart ́ınez et al. 
022 ). 
The SAG model accounts for orphan galaxies by monitoring 

atellites left o v er from haloes that the underlying simulation can
o longer resolve. It uses the information provided by an orbital 
volution model that encompasses both dynamical friction and 
ass-loss by tidal stripping (Delfino et al. 2022 ). Although the 

alibration of the model, that is, the fine adjustment of the free
arameters associated with certain implemented physical processes, 
akes orphan satellites into account, they are not included in the 
ample analysed in this study. 

The calibration is accomplished by utilizing the Particle Swarm 

ptimization technique (Ruiz et al. 2015 ), which yields a set of best-
tting values for the free parameters by comparing the model results
gainst a given set of observables. The galaxy properties considered 
or calibration include the stellar mass functions at redshifts z = 0 and
 = 2, the distribution function of SFRs at z = 0.15, the percentage of
 ht tps://www.cosmosim.org/cms/simulat ions/mdpl2/
 http://skiesanduniver ses.or g/Simulations/MultiDar k/

 

g
 

old gas mass as a function of stellar mass at z = 0, and the correlation
etween bulge mass and the mass of the central supermassive black
ole at z = 0. Table 1 in Cora et al. ( 2018 ) displays the values
f the free parameters defining the model version utilized in this
tudy, with the exception of the parameter responsible for regulating 
he redshift dependence of the reheated and ejected cold gas by
upernova feedback (parameter β; see their equations 10 and 12). 
his parameter has been reduced to enhance the agreement between 

he simulated and observed values of the evolution of the SFR density
nd the fraction of quenched galaxies as a function of stellar and halo
ass, which are predictions of the model (see, respectively, their 
gs 6 and 11). During the calibration process, the fit to the stellar
ass function at z = 2 results in β = 1.99, which fa v ours larger

upernov a feedback ef ficiency at higher redshifts and, consequently, 
 reduction of the star formation activity at those redshifts; this
ctivity is shifted to later epochs and z = 0 galaxies have less time to
e quenched. A better agreement between the aforementioned model 
redictions and observational data is obtained by fixing β = 1.3 while
eeping the rest of the parameter values from the calibration process,
t the expense of predicting a higher number density of low-mass
alaxies in the stellar mass function at z = 2. This smaller value of
is provided by the FIRE hydrodynamical simulations of Muratov 

t al. ( 2015 ), which guided the current implementation of supernova
eedback in SAG . 

.3 The sample of simulated backsplash galaxies: three stages 
nd four types 

ur study focuses on 34 massiv e, relax ed, and isolated galaxy clusters
hat were selected from the MDPL 2- SAG galaxy catalogue. To identify
hese clusters, we first applied selection criteria based on the halo

ass and the presence of nearby companion haloes. Specifically, we 
elected all haloes at redshift z = 0 with a mass M 200 ≥ 10 15 h 

−1 M �,
nd with no companion haloes within 5 × R 200 that are more massive
han 0.1 × M 200 . Here, M 200 refers to the mass enclosed within a
egion of radius R 200 that encompasses 200 times the critical density.
hese selection criteria were designed to exclude haloes that are 
nder going major mer gers or interacting with massive companions, 
hich may have an impact on the orbits of galaxies in the vicinity of

he clusters. This cluster sample is identical to the one employed in
he works of de los Rios et al. ( 2021 ) and Coenda et al. ( 2022 ) for
he development and testing of the ROGER code, which dynamically 
lassifies galaxies in and around clusters in the projected phase space.
hroughout this paper, we use galaxies with M � ≥ 3 × 10 8 h 

−1 M �
ince stellar mass functions and galaxy properties cannot be reliably 
eplicated for galaxy masses lower than this threshold (Knebe et al.
018 ). 
We have adopted the same classification scheme as de los Rios

t al. ( 2021 ) to categorize galaxies in and around the selected clusters
ased on their orbits. In particular, we define BS galaxies as those
alaxies which at z = 0 are found outside R 200 , having crossed this
adius exactly twice in their lifetimes, the first time on their way in,
nd the second on their way out of the cluster. 

Hereafter, our paper will solely focus on the backsplash galaxies, 
nd we will refer to them as BS galaxies to prevent confusion with
he term backsplash sta g e , introduced below. 

We follow the evolution of galaxies through three stages in their
ifetimes: 

(i) Incoming stage: the period of 2 Gyr preceding the first time a
alaxy crosses R 200 in an inward direction. 

(ii) Diving stage: the span of time the galaxy remains within R 200 .
MNRAS 00, 1 (2023) 
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M

Figure 1. Scheme adopted for the selection of different types of BS galaxies 
based on the moment when a galaxy transitions from being star forming to a 
passive state. Blue colour symbolizes a star-forming galaxy, while red denotes 
a passive one. The four types of g alaxies are as follows: g alaxies that never 
become passive (A); galaxies that become passive during their backsplash 
stage (B); galaxies that become passive while they are inside the cluster (C); 
and galaxies that become passive before entering the cluster (D). 
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Figure 2. Upper panel: stellar mass distributions for the four types (colour 
lines) and for the complete sample (black line) of BS galaxies at z = 0. 
Shaded regions represent Poisson errors. Bottom panel: fractions of the four 
galaxy types as a function of their stellar mass at z = 0. The median values are 
indicated by lines, while bootstrap errors are represented by shaded regions. 
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(iii) Backsplash stage: the lapse of time between the moment
hen the galaxy crosses R 200 for the second time in an outward
irection and the present epoch at z = 0. 

Following the criterion adopted by Cora et al. ( 2018 ), galaxies
ith a specific star formation rate (sSFR) higher than 10 −10.7 yr −1 

re defined as star forming, meanwhile galaxies with sSFR below that
hreshold are classified as passive. We have classified the galaxies
nto four distinct types based on whether they are star forming or
assive at the different stages. 

(i) Type A: galaxies that are star forming throughout the three
tages; 3038 galaxies in total, 58 per cent of the sample. 

(ii) Type B: galaxies that become passive during their backsplash
tage; 1353 galaxies, 26 per cent of the sample. 

(iii) Type C: galaxies that become passive during their diving
tage; 200 galaxies, 4 per cent of the sample. 

(iv) Type D: galaxies that become passive prior to their diving
tage, i.e. during the incoming stage or even before; 622 galaxies,
2 per cent of the sample. 

This classification scheme is summarized in Fig. 1 . 
In Fig. 2 , we show both the stellar mass distributions for the

our types and for the total sample of BS galaxies at z = 0 (upper
anel), and the fraction of galaxies of each type as a function of
heir stellar mass at z = 0 (bottom panel). There is no surprise in
his plot. At the low-mass end ( M � � 10 10 h 

−1 M �), the majority of
alaxies are still star forming (type A). The fractions that follow in
escending order correspond to galaxies that ceased star formation
fter leaving the cluster (type B). On the other hand, at the high-mass
nd ( M � � 10 11 h 

−1 M �), most of the galaxies were passive prior
o diving into the cluster (type D). The transition between these two
egimes occurs at intermediate masses, M � ∼ 3 × 10 10 h 

−1 M �. The
raction of galaxies that became passive during their diving stage
type C) is very low over the whole range of mass, accounting
nly for 4 per cent of the complete sample of galaxies. This is
n indication that the cluster environment cannot easily quench
 galaxy while diving through it for the first time. Nevertheless,
bout a quarter of all BS galaxies ( ∼30 per cent of the galaxies that
ntered as star forming) become passive after leaving the cluster
type B), which suggests that the effects of the cluster environment
n the star formation of galaxies are not immediate and may
ake some time to manifest. Galaxies with stellar masses below
NRAS 00, 1 (2023) 
he aforementioned transition value exhibit a clear manifestation
f this phenomenon. To gain deeper insights into the underlying
hysical mechanisms responsible for the variation in the proportions
f different galaxy types and their correlation with stellar mass, we
nalyse in detail the dynamics and astrophysical properties of these
bjects. 

 DY NA MIC S  

his section delves into the main aspects of the dynamics of
S galaxies, which comprises their entry and exit points from
lusters, velocities, duration of the diving stage, and the prox-
mity to the cluster centre at their pericentre. It is essential to
onsider not only distances with respect to the centres of clus-
ers but also directions in space concerning the main axes of
he clusters. This approach is crucial for a comprehensive un-
erstanding of the spatial orientation of objects within the clus-
er environment. We determine the main axes of each cluster in
ur sample by diagonalizing the cluster’s shape tensor. For this
urpose, we use the position of all galaxies whose dark matter
aloes are subhaloes gravitational bound to the main cluster halo
s identified by ROCKSTAR at z = 0, that is, satellite galaxies
ithin dark matter substructures. The shape tensor is defined

s 

 ij = 

N ∑ 

k= 1 

X 

i 
k X 

j 

k , (1) 

here the dummy index k runs from 1 to the number of galaxies,
 , and X 

i 
k and X 

j 

k are the i -axis and j- axis Cartesian coordinates
f the galaxy k , respectively.By solving the eigenvalue problem
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Figure 3. Mollweide projection of the angular distribution of galaxies rela- 
tive to their parent cluster’s main axes. Upper panel: the angular distribution 
of incoming galaxies at the moment they cross R 200 of the cluster in an inward 
direction. Lower panel: the angular distribution of outgoing galaxies as they 
mo v e a way from the R 200 boundary. In these plots, the coordinates of the 
main axis are ( l , b ) = (0 ◦, 0 ◦), and (180 ◦, 0 ◦); the secondary axis’ coordinates 
are ( l , b ) = (90 ◦, 0 ◦), and (270 ◦, 0 ◦); the tertiary axis is located at latitude 
b = −90 ◦, and 90 ◦. 
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f the shape tensor, we determine the direction of the orthogo- 
al axes of symmetry of the galaxy distribution. The main axis 
ill be the one along which the distribution of galaxies is most

xtended. The secondary and tertiary axes follow in decreasing 
longation. We have computed the main axes of the clusters at 
any different outputs of the SAG model, and found that they 

re stable enough for our purposes in the last few Gyr. Thus, for
implicity, we consider the main axes at z = 0 in our computa-
ions. 

For each cluster, we define a right-hand rule Cartesian coordinate 
ystem where the X -axis, Y -axis, and Z -axis are the main, secondary,
nd tertiary ax es, respectiv ely. We define clustercentric angular 
ositions relative to these axes taking as fundamental plane the X –
 plane: the longitude l ∈ [0 ◦, 360 ◦), and the latitude b ∈ [ −90 ◦,
0 ◦]. We compute the angular position of each galaxy in our sample
elative to its parent cluster and stack them all into a unique sample
e use throughout the paper. 
We show in Fig. 3 the stacked angular positions of galaxies when

hey enter their parent cluster and when they leave it (upper and lower
anels, respectively). In both cases, there is a noticeable accumulation 
f galaxies around the primary axis. Ho we ver, when galaxies enter
he cluster, there appears to be a stronger concentration that tends to
iffuse primarily o v er the X–Y plane as they depart. To quantify this,
e compute the angular o v erdensity of galaxies at the times they

ross R 200 , 

 ( λ, β) = 

N ( λ, β) 

N R ( λ, β) 
− 1 , (2) 
y counting the number, N ( λ, β), of galaxies with angles 

= 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

l, if l ≤ 90 ◦, 

| 180 ◦ − l| , if 90 ◦ < l < 270 ◦, 

360 ◦ − l, if l ≥ 270 ◦, 

(3) 

nd 

= | b| . (4) 

hese angles are the distance in longitude with respect to the cluster’s
ain axes, and the distance in latitude from the cluster’s main plane.
 R ( λ, β) is the expected number of points with angular coordinates
 λ, β) in a homogeneous angular distribution o v er the sphere. To
ompute this number, we generate a random distribution of angular 
oints, which co v ers the sphere homogeneously. This distribution 
ontains 100 times the number of galaxies in the sample; therefore,
 R ( λ, β) is the number of these random points with coordinates
 λ, β) divided by 100. In addition, we compute the o v erdensity of
alaxies, ω( θ ), as a function of the angular distance to the main axis,
= arccos ( cos ( β) cos ( λ)), which is computed in an analogous way

s � ( λ, β). 
The results of the computation of the angular o v erdensity for the

eneral population of galaxies are shown in Fig. 4 . The left-hand
anel of this figure shows that the majority of galaxies tend to enter
he cluster within a range of ∼35 ◦ of the plane, with some entering up
o ∼50 ◦ in longitude; a strong concentration is observed towards the
rimary axis itself. The o v erdensity isocontours are found to extend
arther in longitude than in latitude, with a difference of a factor
2 for the two highest value isocontours shown ( � = 1 and 1.5).
or outgoing galaxies (central panel), changes in the shape of the

socontours are observed, with the highest o v erdensity isocontours 
 � ≥ 0.5) appearing to shrink. Ho we v er, the o v erall o v erdensity
nclosed by the � = 0 isocontour is found to extend further o v er
he main plane, with a range of up to λ ∼ 60 ◦. The majority of
alaxies tend to enter the cluster near the primary axis and o v er the
ain plane, and to exit the cluster over the same plane, albeit with

ess concentration towards the primary axis. The right-hand panel 
f Fig. 4 reinforces this behaviour: while the o v erdensities of both
ncoming and outgoing galaxies are seen at angular scales of θ �
0 ◦, the o v erdensities of incoming galaxies are systematically greater
 v er that range. This deflection is in qualitative agreement with the
esults by Kuchner et al. ( 2022 ) where the authors suggest that BS
alaxies entering through a filament do not necessarily return along 
 filament. 

We perform the same analysis for the subsamples of galaxies of
ifferent types, as defined in the previous section. This is shown in
ig. 5 . Each row in this figure considers a different galaxy type,
rom A to D, moving from top to bottom, respectively. Comprising
8 per cent of the total sample, type A galaxies show angular
 v erdensities that resemble those of the entire sample, i.e. they are
ildly deflected o v er the main plane. Type B galaxies constitute

he most interesting case, as they also display deflections o v er the
ain plane, but their trajectory out of the cluster systematically 

eviates from the primary axis. This is further highlighted by the
haracteristics exhibited in the angular o v erdensity ω( θ ): outgoing
ype B galaxies present a broad peak at 15 ◦ � θ � 35 ◦, and a
harp decline towards θ = 0 ◦. This strong deflection is not seen
or the other three types. Finally, the less numerous type C and D
alaxies seem to get in and out of the cluster much more closer
o the primary axis, as if they were accreted into the cluster by
nner regions of filaments and expelled out of the cluster in a
imilar way (Gonz ́alez & Padilla 2016 ; Salerno, Mart ́ınez & Muriel
MNRAS 00, 1 (2023) 
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M

Figure 4. Angular o v erdensity of galaxies relativ e to their parent cluster’s main ax es. Left-hand panel: o v erdensity of incoming galaxies as the y enter R 200 as 
a function of the distance in longitude with respect to the primary axis, λ, and the absolute value of latitude, β. In this plot, the primary axis of the cluster has 
coordinates ( λ, β) = (0 ◦, 0 ◦), the secondary ( λ, β) = (90 ◦, 0 ◦), and the tertiary β = 90 ◦. Some rele v ant isocontours are drawn in solid line. Middle panel: same 
as the left-hand panel but for outgoing galaxies. Right-hand panel: the angular o v erdensity of incoming (IN) and outgoing (OUT) galaxies as a function of the 
angular distance, θ , to the primary cluster axis. Errors are computed using the bootstrap resampling technique. 
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019 ; Morinaga & Ishiyama 2020 ; Salerno et al. 2020 ). This is
onsistent with the definition of these two types, they are either
lready quenched when they enter the cluster, or are quenched in
heir incursion through it. 

Other dynamical parameters are shown in Fig. 6 , namely incoming
elocity, the distance of the pericentre, the time span of the diving
tage, the ratio between the incoming and the outgoing velocities, and
he time span of the backsplash stage. All these parameters are shown
s median values per type, as a function of stellar mass (left-hand
anels), and as a single value stacking all galaxies together regardless
f their mass (right-hand panel). It is evident from the left-hand
anels that there are no notable patterns between these parameters
nd stellar mass and, also, it is fair to notice the lack of some types
f galaxies for stellar masses higher than ∼7 × 10 10 h 

−1 M �, where
 complete comparison cannot be done. 

Regarding the incoming velocity (top panels), it seems that type
 galaxies have a tendency to enter clusters at lower velocities
ompared to the other types, whereas no discernible difference
s observed among types A, B, and D. Instead, in the case of
ericentre distance (shown in the second panel from the top), type
 galaxies stand out, as the y e xhibit systematically larger distances

rom the cluster centre at their closest point to it than the other
alaxy types. On the other hand, there are no significant differences
mong the other types. When analysing how long galaxies are
nside R 200 (middle panels), we find that types A and D cannot be
istinguished, but type B spends the least amount of time, while on
he opposite end, type C remains for the longest duration. There is no
ifference among the four types with regards to the ratio between the
utgoing and incoming velocities (second panel from the bottom).
ll types get out of the cluster at speeds ∼20 per cent lower than

hey had when they entered the cluster. Finally, type B galaxies
re the ones that have spent the longest time in the backsplash
tage, while no differences are seen among the other types (bottom
anel). 
We have checked that 27 per cent of the complete sample of BS

alaxies are falling back to the cluster at z = 0, and this fraction
oes not vary significantly with the galaxy type. The only exception
re type B galaxies for which this percentage increases to 38, in
onsistency with the fact that they spend typically longer times in
he backsplash stage. 
NRAS 00, 1 (2023) 

i  
 T H E  PHYSI CAL  E VO L U T I O N  O F  

ACKSPLASH  G A L A X I E S  

n this section, we study how physical properties of MDPL 2- SAG BS
alaxies evolve in the three stages. We focus on some quantities
rovided by the SAG model: stellar mass, dark matter halo mass,
old gas mass, hot gas mass, and the sSFR. Towards the end of this
ection, we examine morphological changes experienced by these
alaxies by using the ratio of bulge mass to total stellar mass as a
roxy of morphology. 

.1 Astrophysical quantities 

he evolution of astrophysical properties of BS galaxies is presented
n Fig. 7 . As temporal variable we use τ , defined as the time a
alaxy remains in a particular stage conveniently normalized. For
he incoming stage, we considered as τ = 0 to 2Gyr the time before
he galaxy crosses R 200 inwards the cluster, and τ = 1 as the moment
hen the galaxy crosses R 200 for the first time. For the diving stage,
= 0 is set as the moment the galaxy crosses R 200 inwards the

luster and τ = 1 when the galaxy crosses R 200 outwards. Finally,
n the backsplash stage, we define as τ = 0 the time the galaxy
rosses R 200 for the second time and τ = 1 corresponds to z = 0.
ith this normalized time, we stacked the evolution of astrophysical

roperties normalized to their values at a particular moment τ ∗: this
∗ is the first crossing of R 200 for incoming and diving stages, and
orresponds to the second crossing of R 200 for the backsplash stage.
ll these time definitions are shown in the bottom panels of the figure.
rom top to bottom in Fig. 7 , the properties shown are stellar mass,
ark matter halo mass, cold gas mass, hot gas mass, and sSFR. In
ll cases, we show the median values of the evolution of the stacked
alaxy population with error bars (shaded regions) computed with a
ootstrap resampling. 
We begin our analysis by studying the total stellar mass of

 alaxies. Type A g alaxies exhibit the most substantial increase in
heir stellar masses across the three stages: approximately 20 per cent
uring the incoming stage, 10 per cent during the diving stage, and
 per cent during the backsplash stage. Type B galaxies show a
imilar trend during the first two stages, but their median growth
n stellar mass halts during the backsplash stage. This outcome
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Figure 5. Same as Fig. 4 but considering each of the four types of galaxies separately as quoted in left-hand panels. 
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s anticipated since, by definition, these galaxies become passive 
uring this stage. In the case of type C and D galaxies, only type C
alaxies exhibit a marginal increase of ∼5 per cent in their masses
uring the incoming stage. These behaviours are consistent with 
ur classification: galaxies that become passive at a later stage 
xhibit a correspondingly delayed decrease in the median stellar mass 
rowth. 
The evolution of the mass of the dark matter halo where the galaxy

esides is completely determined by the dynamical interactions of 
he haloes across their merger tree histories. As can be seen in the
econd row of panels from Fig. 7 , for all galaxy types, the host haloes
ecrease in mass across the three stages. In the incoming stage, haloes
f type C galaxies are the most affected, loosing up to ∼20 per cent
f their mass. Similarly, the diving stage causes a more significant 
mpact on the haloes of type C galaxies ( ∼40 per cent), whereas the
aloes of the remaining types experience losses of around 20 per cent.
he fact that type C galaxies become passive during the diving stage
ay be correlated with the significant mass disruption experienced by 
heir host haloes during this stage. This tidal stripping of their haloes
xposes them to a stronger effect of the ram pressure upon their hot
as (see Vega-Mart ́ınez et al. 2022 for details of the implementation
f these processes in SAG ). Furthermore, these galaxies endured 
eavy pre-processing in the incoming stage. During the backsplash 
tage, haloes of type B galaxies are those that experience the greatest
mpact on their masses, with a decrease of o v er ∼40 per cent.
evertheless, haloes of the other galaxy types also show a reduction
f ∼30 per cent in their masses at z = 0. Once again, we notice a
orrelation between the haloes that suffer the most significant mass- 
oss and the fact that the galaxies inhabiting them (type B) become
assive during this stage. This finding is consistent with their null
tellar mass growth. It is worth noting that, during the backsplash
tage, all galaxies except for type A have ceased to grow their
tellar mass, and the dark matter haloes continue to shrink across all
lassifications. 
MNRAS 00, 1 (2023) 
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Figure 6. Left-hand panels: dependence of several dynamical properties with stellar mass for the four types of galaxies. From top to bottom: incoming velocity 
modulus, normalized pericentre distance, time in the diving stage, ratio between outgoing and incoming velocity modulus, and time in the backsplash stage. In 
all cases, we show the median value and the errors computed with bootstrap resampling. Right-hand panels: median values (central dot) and quartiles (shaded 
bars) for the same properties described in left-hand panels. Numerical values are quoted for each type, including the complete sample of galaxies. 
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In the third and fourth rows of panels of Fig. 7 , we show the
volution of the cold and hot gas masses, respectively. Type A
alaxies do not undergo significant changes in their cold and hot
as masses during the incoming stage, but suffer a reduction of
20 per cent of the cold gas and ∼50 per cent of the hot gas
hen they are located inside the R 200 radius of the cluster. Once

hey are out, in the backsplash stage, they continue losing cold gas
 ∼30 per cent) but the amount of hot gas remains stable. This may
e explained by the negligible effect of the RPS on these galaxies
ue to their greater distance from the cluster. Type B galaxies
NRAS 00, 1 (2023) 
ose more than 50 per cent of their cold gas during the backsplash
tage, period where these galaxies become passiv e. The y also get
heir hot gas drastically remo v ed in the diving ( ∼50 per cent) and
acksplash ( ∼40 per cent) stages. Notably, the difference between
ype B and type A galaxies is that in the backsplash stage, type
 galaxies experience a considerable removal of hot gas, while

ype A galaxies retain their hot gas. This difference explains why
ype B galaxies become passive during the backsplash stage. In
he incoming stage, type C galaxies suffer a large reduction of

70 per cent in their cold gas mass, which continues during the
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Figure 7. Evolution of normalized astrophysical properties for the four types of galaxies in the three stages. Evolution is parametrized with τ , a normalized 
time at two particular moments in each stage, as indicated with arrows in the bottom panels. The astrophysical properties are normalized at their values at τ ∗, 
which is the first crossing of R 200 for the incoming and diving stages, and the second crossing of R 200 for the backsplash stage. Properties Q are, from top to 
bottom, the stellar mass, the dark matter halo mass, the mass in cold gas, the mass in hot gas, and the sSFR. In all cases, we show the median of the stacked 
galaxy population and error bars computed via bootstrap resampling. 
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iving stage, reaching another reduction of ∼50 per cent at the 
ime the galaxy leaves the cluster. The same occurs with hot gas,
uffering reductions of ∼30, 60, and 40 per cent during the incoming,
iving, and backsplash stages, respectively. Type D galaxies exhibit 
 notable change in their cold gas content only during the initial
hase of the incoming stage, which is in line with their quenched
tate upon entering the cluster. At this point, the cold gas is
either consumed by star formation nor remo v ed by RPS, as these
alaxies still possess a hot gas shield that is gradually stripped 
way, reaching a loss of ∼35 per cent in the diving and backsplash
tages. 

Finally, in the last row we show the sSFR. While all galaxy
ypes exhibit a decrease in their sSFR throughout all stages, it
s evident that type D galaxies, which are already passive upon
nfalling into the cluster, are highly affected during the incoming 
tage. These galaxies experience a further decrease in their sSFR 

uring the diving stage and maintain a stable sSFR during the
acksplash stage. Type C galaxies also experience a significant 
MNRAS 00, 1 (2023) 
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Figure 8. Boxplots for morphological distributions for the four galaxy types, where morphology is defined as the ratio between the bulge mass and the total 
stellar mass, M bulge / M � . Distributions are shown for three stellar mass cuts, from low-mass galaxies (top) to high-mass galaxies (bottom), and at four different 
moments in the galaxy’s lifetime, as indicated in the x -axis labels. In each boxplot, the colour bar represents the interquartile range IQR = Q 3 − Q 1 , where Q 1 

and Q 3 are the first and third quartiles of the distribution, respectively, and the median value is shown with the short horizontal black line. The dashed vertical 
lines show the range co v ered by the minimum and maximum values, without considering the outliers of the distribution, which are defined as those at a distance 
greater than 1.5 × IQR of Q 1 or Q 3 and symbolized with the coloured open circles. 
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D  
rop in their sSFR during the incoming stage, and they are the
ost affected among all types in the diving stage, losing nearly

ll their ability to form stars. During the incoming and diving
tages, types A and B exhibit similar trends by reducing their
SFR by ∼50. Ho we ver, in the backsplash stage, type B galaxies
ecome passive and experience the most significant decrease in
SFR. 

.2 Morphology 

he o v erall analysis of the sSFR fails to distinguish between the
wo modes of star formation: quiescent and bursty. In the context of
AG , generally considered in galaxy formation models, quiescent star
ormation contributes to the creation of the stellar disc, while bursty
tar formation, triggered by mergers and disc instabilities, leads to
he formation of the stellar bulge. The proportion of the galaxy’s total
tellar mass that the bulge represents is an indicator of the galaxy’s
orphology. 
In this section, we analyse how the morphology of galaxies evolves

cross the three stages. To do this, we define as a proxy of the
NRAS 00, 1 (2023) 
orphology the ratio of the bulge mass to the total stellar mass,
 bulge / M � . This ratio ranges between 0 for irregular galaxies (no

ulge mass) and 1 for elliptical galaxies (no disc mass), with spiral
alaxies between those two extreme values. 

In Fig. 8 , we present boxplots for morphology distributions at
our fixed times, from left to right: 2 Gyr before the galaxy crosses
 200 for the first time, the moment when the galaxy crosses R 200 

nwards, the moment when the galaxy crosses R 200 outwards, and the
resent time ( z = 0). Also, we divide the samples of galaxy types into
hree stellar mass ranges, from top to bottom: log ( M � /h 

−1 M �) < 9 . 5
low mass), 9 . 5 < log ( M � /h 

−1 M �) < 10 . 5 (intermediate mass), and
0 . 5 < log ( M � /h 

−1 M �) (high mass). 
The first feature easily noticeable is that, at early times, low-mass

alaxies (top panels) mostly have M bulge / M � ∼ 0, which does not
hange significantly across the galaxy’s lifetime. In particular, type
 and B populations are highly dominated by bulgeless galaxies,
hich represent 90, 84, 81, and 79 per cent of the sample for type
, and 85, 79, 75, and 71 per cent of the sample for type B, at each
f the moments considered along the galaxy’s lifetime. Only type
 galaxies show a mild evolution in their morphology, especially
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etween the 2 Gyr before entering the cluster and the moment 
alaxies cross R 200 for the first time, that is, during the incoming
tage. For intermediate and high stellar masses (middle and bottom 

anels, respectively), we can appreciate a smooth morphological 
hange across cosmic time for all galaxy types. 

These results show that the morphological evolution of galaxies 
s a smooth and continuous process during the stages defined in 
his work. We do not find evidence that a particular moment in
he lifetime of BS galaxies can induce a major morphological 
ransformation, in agreement with Mart ́ınez et al. ( 2023 ), where
he authors find evidence that quenching occurs faster than morpho- 
ogical transformation for galaxies around massive X-ray clusters 
s classified with ROGER (de los Rios et al. 2021 ). We only find a
lear dependence of morphology with the stellar mass cuts analysed, 
ependence that is also manifested through the relationship between 
he galaxy type and its stellar mass (see Fig. 2 ). At this point, it is
orth recalling that larger stellar masses correlate with larger bulge 
asses, and this implies the existence of larger black holes in those

alaxies (Kormendy & Ho 2013 ; McConnell & Ma 2013 ; Schutte,
eines & Greene 2019 ). These massive black holes bring with 

hem an associated major feedback from active galactic nuclei that 
ccelerates the quenching processes, especially for types C and D. 

 C O N C L U S I O N S  

n this paper, we have studied the population of BS galaxies around
 sample of massive, isolated clusters at z = 0 in the MDPL 2- SAG

atalogue of simulated galaxies. It is important to recall that our 
efinition of BS galaxy involves a single passage within R 200 ; thus,
hese galaxies experience the environmental action of the cluster only 
n this single passage. The main focus of this paper is to understand
hat happens to a galaxy that passes only once through a cluster,

nd not the cumulative effect of several orbits inside the cluster. We
lassified the BS galaxies into four types based on their star-forming
r passive nature at three different stages: incoming stage, diving 
tage, and backsplash stage. We analysed various dynamical and 
strophysical properties of these galaxies. 

For galaxies that are actively forming stars at all stages (type A), we 
nd that they typically have stellar masses below 3 × 10 10 h 

−1 M �
t z = 0. Due to their orbits a v oiding the innermost regions of the
luster, their incursion into the cluster has minimal impact on them. 
onsequently, they do not experience significant losses in their dark 
atter or gas contents, allowing them to continue forming stars. 
We find that BS galaxies that become passive during the backsplash 

tage (type B) also have masses typically below 3 × 10 10 h 

−1 M � at
 = 0, similar to type A galaxies. They constitute the vast majority of
assive BS galaxies in that mass range. Their orbits inside the cluster
re characterized by the smallest pericentric distances of all four 
ypes, and, on average, they experience a strong deflection away from
he primary axes in their way out. This close encounter with the centre
f the cluster is the single most important factor in the subsequent
volution of these galaxies. The action of the cluster leaves its mark
n the strong loss of these galaxies’ dark matter and gas contents, and
he subsequent suppression of their star formation in the backsplash 
tage. Had these galaxies not come that close to the centre, they would
robably have been classified as type A. This galaxy population 
an be associated with the low-mass galaxies quenched after their 
rst passage through the pericentre in massive clusters described by 
right et al. ( 2022 ) using the EAGLE simulations (Crain et al. 2015 ;

chaye et al. 2015 ). 
Reg arding those g alaxies that become passive during the diving 

tage (type C), they are the least abundant among all BS galaxies.
hey entered the cluster in close proximity to the primary axes and
nderwent significant pre-processing. Among the galaxies that enter 
he cluster while still forming stars, these galaxies are the ones that
emain for the longest duration and endure the greatest reductions in
heir dark matter and gas contents in the incoming stage. The cluster
hen provides the final blow to these galaxies’ star formation. 

Finally, galaxies that are passive throughout the three stages (type 
) are typically high-mass galaxies that were quenched before 

ntering the cluster. Typically, they are accreted close to the primary
xes, and get out of the cluster along the same axes. There is nothing
articularly noteworthy about these galaxies after the y div e into the
luster. 

Our results are in agreement with those presented by Hough et al.
 2023 ), where the authors show that 65 per cent of present-day star-
orming BS galaxies did not experience pre-processing effects before 
heir passage to the pericentre. On the other hand, 70 per cent of z = 0
uenched galaxies suffer larger removals of hot gas during their pre-
rocessing instances (incoming stage) and inside the cluster (diving 
tage). These quenched BS galaxies can be clearly related with our D
nd C types, respectively. It is important to mention that the authors
efine as BS a galaxy that is outside R 200 at z = 0 but has been inside
he cluster at least once in the past, which is slightly different from
ur definition, where we allow just one passage to the pericentre.
his difference implies that some of their BS galaxies should be
ore quenched than ours as the y hav e suffered the action of the

luster in more than one passage. 
Regarding morphology, a consistent pattern is observed across the 

our types: a single passage through the cluster does not generally
nduce significant morphological transformations, as suggested by 

art ́ınez et al. ( 2023 ). It should be kept in mind that we are using a
roxy for morphology and not a precise characterization of it. 
The main result of this paper is that the environmental effects of the

luster are able to affect galaxies after a single passage provided they
re either low- to intermediate-mass ( < 3 × 10 10 h 

−1 M �) galaxies
hose orbits take them very close to the centre or galaxies that

ntered the cluster heavily pre-processed. The former stop forming 
tars after exiting the cluster, while the latter do so in situ . 
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