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A B S T R A C T 

Galaxy clusters grow by accreting galaxies as individual objects, or as members of a galaxy group. These groups can strongly 

impact galaxy evolution, stripping the gas from galaxies, and enhancing the rate of galaxy mergers. Ho we ver, it is not clear how 

the dynamics and structure of groups are affected when they interact with a large cluster, or whether all group members necessarily 

experience the same evolutionary processes. Using data from THE THREE HUNDRED project, a suite of 324 hydrodynamical 
resimulations of large galaxy clusters, we study the properties of 1340 groups passing through a cluster. We find that half of 
group galaxies become gravitationally unbound from the group by the first pericentre, typically just 0.5–1 Gyr after cluster entry. 
Most groups quickly mix with the cluster satellite population; only 8 per cent of infalling group haloes later leave the cluster, 
although for nearly half of these, all of their galaxies have become unbound, tidally disrupted or merged into the central by this 
stage. The position of galaxies in group-centric phase space is also important – only galaxies near the centre of a group ( r � 

0.7 R 200 ) remain bound once a group is inside a cluster, and slow-moving galaxies in the group centre are likely to be tidally 

disrupted, or merge with another galaxy. This work will help future observational studies to constrain the environmental histories 
of group galaxies. For example, groups observed inside or nearby to clusters have likely approached very recently, meaning that 
their galaxies will not have experienced a cluster environment before. 

Key words: methods: numerical – galaxies: clusters: general – galaxies: general – galaxies: groups: general. 
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 I N T RO D U C T I O N  

alaxy clusters grow by the gravitational accretion of smaller cosmic
tructures. These accreted structures vary in size, from individual
 alaxies, to g alaxy groups containing tens or hundreds of member
alaxies, to major cluster–cluster mergers involving thousands of
alaxies (Moore et al. 1999 ; Frenk & White 2012 ). Such hierarchical
tructure formation is one of the cornerstones of the Lambda cold
ark matter model of the Universe (White & Rees 1978 ; Navarro,
renk & White 1996 ). The wide range in sizes of their dark matter
aloes, plus the existence of other structures such as cosmological
laments and walls (Bond, Kofman & Pogosyan 1996 ; Hahn et al.
007 ), results in a variety of cosmic environments in which galaxies
an be found. 

It is now well-established that the properties of galaxies strongly
epend on where they are located. An early study by Dressler
 1980 ) revealed that cluster environments contain mostly early-
ype galaxies, whereas galaxies in field regions typically have late-
ype morphologies. 1 Furthermore, cluster galaxies have quenched
 E-mail: rhaggar@uwaterloo.ca 
 This idea had been noted previously in other works, such as Hubble ( 1936 ) 
nd Zwicky ( 1937 ). 
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Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
tar-formation rates (Balogh et al. 1999 ; McNab et al. 2021 ) and
ower gas fractions (Jaff ́e et al. 2015 ) compared to field galaxies,
cross a large range of redshifts (Quadri et al. 2012 ). Numerous
echanisms can explain this difference in gas content and star-

ormation rate, including slow quenching processes such as galaxy
tarvation (Larson, Tinsley & Caldwell 1980 ; Maier et al. 2016 ,
019 ), and rapid processes such as ram pressure stripping (Gunn &
ott 1972 ; Abadi, Moore & Bower 1999 ; Zabel et al. 2019 ). 
Although they represent the densest, most extreme galaxy envi-

onments, clusters are not the only structures that can dramatically
mpact galaxy evolution. Intermediate density environments can also
lay an important role: For example, galaxy groups have been shown
o enhance the rate of galaxy mergers, due to their combination of
 high galaxy number density, and low-velocity dispersion 2 (Jian,
in & Chiueh 2012 ). Mergers drastically impact the evolution
f galaxies, altering their morphology and potentially triggering
utflows and active galactic nucleus feedback that can remove gas. 
 The relativ e v elocities of merging galaxies are usually < 500 km s −1 (Lotz 
t al. 2008 ; An et al. 2019 ); ho we ver, dark matter haloes with masses greater 
han 10 14 M � typically have velocity dispersions greater than 500 km s −1 

McClintock et al. 2019 ; Wetzell et al. 2022 ). Consequently, mergers are more 
ikely in group-sized haloes, with masses less than 10 14 M �. 
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A consequence of this connection between galaxies and their 
nvironments is that a galaxy’s evolution is not just impacted by 
he environment in which it is currently found – it can also be
ffected by the environments through which a galaxy has previously 
assed. In the context of clusters, ‘pre-processing’ describes the 
nvironmental mechanisms that act on a galaxy before it is accreted 
y a cluster. For example, galaxies can enter a cluster through 
osmological filaments, which can quench star formation similarly 
o clusters, albeit to a lesser degree (Kraljic et al. 2018 ; Laigle et al.
018 ). This results in de generac y, as it is not immediately clear
hether cluster galaxies have been quenched by the cluster itself, or

re quenched due to pre-processing. Ho we ver, it is clear that these
laments are an important factor to consider: For example, Kuchner 
t al. ( 2022 ) found that 45 per cent of cluster galaxies are accreted via
laments. 
As galaxies can also enter clusters as members of galaxy groups,

hese are another contributor to pre-processing, although the exact 
egree of groups’ contribution is debated. Some simulations (McGee 
t al. 2009 ; Han et al. 2018 ) and observations (Dressler et al. 2013 )
nd that close to half of all cluster members have been accreted
s members of galaxy groups, while others (Arthur et al. 2019 )
nd a much lower fraction. There are multiple explanations for 

his. F or e xample, previous studies have shown that this fraction
epends on the stellar mass of the accreted galaxies (De Lucia 
t al. 2012 ), and whether hydrodynamical or N -body simulations
re used (Haggar et al. 2021 ). Additionally, the definition of a
galaxy group’ is not standardized, and different definitions can 
ead to different conclusions. Various studies have identified group 

embers as galaxies that lie within the radius of a host group halo
Arthur et al. 2019 ; Donnari et al. 2021 ), that satisfy a boundness
riterion (Han et al. 2018 ; Choque-Challapa et al. 2019 ), or by using
 Friends-of-Friends algorithm (Benavides, Sales & Abadi 2020 ), 
ll of which can result in different selections of group members. 
urthermore, Berrier et al. ( 2009 ) found that, although 30 per cent
f cluster members (with dark matter halo masses greater than 
0 11 . 5 h 

−1 M �) are accreted via group haloes, half of these ‘groups’
nly contain two or three galaxies. Clearly, the minimum (and 
aximum) size of what constitutes a group is also an important 

onsideration. 
Both theoretical and observational studies have shown that the 

ffects of a group environment on the evolutionary processes in 
alaxies can be enhanced even further when a group enters a cluster.
alaxy mergers (Benavides et al. 2020 ) and gas removal (Pallero 

t al. 2019 ; Kleiner et al. 2021 ) are common in infalling groups, and
ultiple studies have connected this galaxy evolution to the external 

orces acting on a group, such as the effects of large-scale structure
nd clusters. Vijayaraghavan & Ricker ( 2013 ) used cosmological 
imulations to show that mergers, ram pressure stripping, and tidal 
runcation of galaxy haloes are all enhanced further when their 
roups enter clusters, for a variety of reasons – e.g. the intra-group 
edium is shocked during a group-cluster merger, increasing its 

ensity and thus increasing the ram pressure stripping of the group 
embers. Similar mechanisms have been described in previous 
orks, such as Mauduit & Mamon ( 2007 ), who showed that near

he centres of clusters lying in the core of the Shapley Supercluster,
alaxies have lower radio loudness than galaxies elsewhere. They 
ttributed this to the enhanced ram pressure stripping experienced 
y galaxies in shocked regions of merging clusters. In a related 
bservational study, Roberts & Parker ( 2017 ) found that dynamically 
elaxed groups, which are typically isolated and slowly growing, 
ontain a smaller fraction of star-forming galaxies than unrelaxed 
roups. Again, this indicates that the processing of galaxies in 
roups is dependent on the disturbance of these groups by the larger
nvironment in which they are located (see also Gouin, Bonnaire & 

ghanim 2021 ). 
All of this means that galaxies that have joined clusters as members

f a group have experienced different evolutionary processes to 
hose that have joined as individuals. Bah ́e et al. ( 2019 ) used the
ydrangea suite of hydrodynamical simulations (Bah ́e et al. 2017 )

o study the survi v al fractions of galaxies entering clusters – in their
ase, galaxies that do not ‘survive’ are no longer resolved in the
imulations, meaning they have either merged into a more massive 
alaxy (often a group central), or have been stripped below the total
ass limit of 5 × 10 8 M �. Bah ́e et al. ( 2019 ) showed that, after

n infalling group enters a cluster, only ∼50 per cent of its member 
alaxies survive to z = 0. In contrast, they found that more than
0 per cent of galaxies that have not experienced any pre-processing 
urvive to z = 0. This survival fraction is higher than in some other
tudies, although much of the prior work in this field has used N -body
imulations (e.g. Gill et al. 2004b ) in which substructure can be more
asily stripped (Smith et al. 2016 ). The results of Bah ́e et al. ( 2019 )
how that group members are particularly strongly influenced within 
lusters, and that they can be very heavily disturbed during accretion
n to a cluster. 
Moreo v er, previous work has hinted that galaxy groups themselves

an be heavily disrupted when entering a cluster. Choque-Challapa 
t al. ( 2019 ) found that, using dark matter-only simulations and a
imilar group definition as is used in this work, o v er 90 per cent of
roup members become unbound after a group enters a cluster, and
hat these galaxies quickly form part of the cluster population of
alaxies. Furthermore, Gonz ́alez-Casado, Mamon & Salvador-Sol ́e 
 1994 ) showed that tidal forces from clusters can rapidly increase
he internal energy of infalling groups, by up to a factor of 10 for
he smallest groups. This can allow these groups to be disrupted,
lthough it should be noted that absorbing more energy than the
inding energy does not necessarily lead to the complete disruption 
f groups (van den Bosch et al. 2018 ). 
Ho we v er, be yond this, there is little work that has examined in

etail how the dynamics of galaxy groups evolve when they are
ccreted by a cluster, particularly with large numbers of clusters in
ydrodynamical simulations. While previous studies have looked at 
he o v erall disruption of groups that enter a cluster and the subsequent
post-processing’ of their constituent galaxies, we do not currently 
ave a detailed understanding of the time-scales over which groups 
hange, and how the evolutionary processes that galaxies experience 
re affected by the group dynamics (Cohn 2012 ; Bah ́e et al.
019 ). 
In this work, we use THE THREE HUNDRED project, a mass-

omplete sample of 324 galaxy clusters taken from a 1 h −1 Gpc
osmological volume. These are resimulated out to distances of 
everal times the R 200 of the cluster, where R 200 is the radius
ithin which the mean density of a cluster is equal to 200 times

he critical density of the Universe. We use these simulations to
tudy the evolution of groups as they enter galaxy clusters, and the
rocesses that galaxies in these groups experience in their subsequent 
assage through the cluster halo. Specifically, we look at how the
hase space of groups e volves, i.e. ho w the positions and speeds
f galaxies change relative to the group that they are bound to.
e make comparisons between groups before and after they pass 

hrough a cluster to find the cumulative effect that a cluster has on
he dynamics and structure of galaxy groups. Then, we look at the
ates of group galaxies, categorizing them based on the processes 
he y e xperience in the several Gyr after entering a cluster (such
s mergers and stripping), and how this depends on the structure
MNRAS 518, 1316–1334 (2023) 
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f groups. Finally, we discuss how this theoretical work can help
bservational studies. 
The paper is structured as follows: In Section 2 , we introduce

he simulation data that we use, and the methods we use to analyse
roups. In Section 3 , we sho w ho w the internal dynamics of groups
hange as they pass through a cluster, and in Section 4 , we focus
n the state of galaxies and groups after passing through a cluster.
inally, we summarize our findings in Section 5 . 

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

elow we detail the methods and data used in this work. Much
f this (particularly Sections 2.1 and 2.2 ) is built on the analysis
n our previous work (Haggar et al. 2021 ) in which we compare the
ubstructure of galaxy groups and galaxy clusters in hydrodynamical
nd dark matter-only simulations. 

.1 Simulation data 

his work utilizes data from THE THREE HUNDRED project, a suite
f 324 hydrodynamical resimulations of large galaxy clusters. The
imulations were produced by extracting the 324 most massive
lusters from the dark matter-only MDPL2 MultiDark simulation
Klypin et al. 2016 ), 3 and resimulating each from its initial conditions
ith baryonic physics. This was done by taking all dark matter
articles within 15 h −1 Mpc of the cluster centre at z = 0 (between
 and 10 R 200 for the range of cluster masses in the sample), tracing
he particles back to their initial positions, and then splitting each one
nto a dark matter and a gas particle, with masses set by the baryonic
atter fraction of the Uni verse. Lo wer-resolution particles were used

eyond 15 h −1 Mpc to model any tidal effects of the surrounding
arge-scale structure. 

The MDPL2 simulation involves a box with sides of comoving
ength 1 h −1 Gpc, simulated using Planck cosmology ( �M 

= 0.307,
B = 0.048, �� 

= 0.693, h = 0.678, σ 8 = 0.823, and n s = 0.96)
Planck Collaboration XIII 2016 ). The same box size and cosmology
re used for each of the cluster simulations in THE THREE HUNDRED ,
o that each cluster is embedded in a comoving box of size 1 h −1 Gpc,
ost of which is occupied by the low-resolution particles described

n the previous paragraph. Consequently, the lengths and distances
uoted throughout this work are also given in comoving coordinates.
The hydrodynamical resimulations were carried out using the

ADGETX code. GADGETX is a modified version of the GADGET3
ode, which is itself an updated version of the GADGET2 code, and
ses a smoothed-particle hydrodynamics scheme to fully evolve the
as component of the simulations (Springel 2005 ; Beck et al. 2016 ).
he final data set comprises of a mass-complete cluster sample

rom M 200 = 5 × 10 14 h 

−1 M � to M 200 = 2 . 6 × 10 15 h 

−1 M �, where
 200 is the mass contained within a sphere of radius R 200 . The dark
atter and gas particles in the simulations have masses of m DM 

=
 . 27 × 10 9 h 

−1 M � and m gas = 2 . 36 × 10 8 h 

−1 M �, respectively.
he simulations also contain stellar particles of variable masses,

ypically with m star ∼ 4 × 10 7 h 

−1 M �, produced by the stochastic
tar-formation model that is implemented by GADGETX (Tornatore
t al. 2007 ; Murante et al. 2010 ; Rasia et al. 2015 ). A Plummer
qui v alent gravitational softening length of 6.5 h −1 kpc is used for the
ark matter and gas particles, and 5 h −1 kpc for the stellar particles.
NRAS 518, 1316–1334 (2023) 

HE THREE HUNDRED data set is described in more e xtensiv e detail 

 The MultiDark simulations are publicly available from the cosmosim data 
ase, https://www.cosmosim.org . 

i  

o

4

n Cui et al. ( 2018 ), and has been used in numerous previous studies
o examine galaxy groups (Haggar et al. 2021 ), environment (Wang
t al. 2018 ), cosmic filaments (Kuchner et al. 2020 ; Rost et al. 2021 ;
otecha et al. 2022 ), backsplash g alaxies (Hagg ar et al. 2020 ), and

am pressure stripping (Arthur et al. 2019 ; Mostoghiu et al. 2021 ),
mong other areas. The full simulation suite also includes simulations
ith different physics models; however, in this work we only use the
ADGETX simulations. 

.1.1 Galaxy identification and tree-building 

he data for each cluster in THE THREE HUNDRED consist of 129
napshots saved between z = 16.98 and z = 0, separated by
pproximately 0.3 Gyr at low redshift. To identify the haloes and
ubhaloes, each snapshot was processed using the Amiga Halo Finder
 AHF ; see Gill, Knebe & Gibson 2004a and Knollmann & Knebe 2009
or further details). 4 AHF operates by identifying peaks in the matter
ensity field, and returns the positions and velocities of haloes and
ubhaloes, as well as their radii, their mass in gas, stars, and dark
atter, and a host of other properties. 
The halo merger trees were built using MERGERTREE , a tree-

uilder that forms part of the AHF package. For each halo in a given
napshot, this tree-builder calculates a merit function with respect to
ll haloes in previous snapshots; specifically, MERGERTREE uses the
erit function M i , as described in table B1 of Knebe et al. ( 2013 ).
his merit function is then used to identify a main progenitor, plus
ther progenitors, based on the number of particles that they share
ith the halo of interest. The tree-builder has the ability to skip

napshots, and thus is able to ‘patch’ o v er gaps in the merger tree,
.g. when a subhalo is near to the centre of its host halo and so is not
asy to identify against the high background density (Onions et al.
012 ). We also place a limit on the change in mass permitted between
uccessive snapshots, such that no halo can more than double in dark
atter mass. This helps to prevent ‘mismatches’, caused by a subhalo

ocated close to the centre of a larger halo being detected as the main
alo (as shown in Behroozi et al. 2015 ). Additional information on
HF and MERGERTREE can be found in Knebe et al. ( 2011a ) and
risawat et al. ( 2013 ). 

.2 Subsample of clusters 

ome of the clusters exhibit some minor problems in the trees
onstructed by MERGERTREE , which we describe belo w. Ho we ver,
hanks to the large data set that we are using, we can identify and
emo v e these objects, and still be left with a large sample of simulated
lusters. 

In some cases the merit function used by MERGERTREE can
ncorrectly assign links between haloes in different snapshots. This
an lead to an apparent ‘jump’ in the position of a halo or subhalo (in
ox coordinates), as well as a sudden change in its properties, due
o one halo being incorrectly labelled as the progenitor of another.
hese mismatching events are uncommon, typically only affect a
mall number of snapshots, and are fairly inconsequential when
hey af fect indi vidual galaxy haloes. Ho we ver, the merger tree of
he main cluster halo can also be affected in this way, leading to a
udden change in the position of the main halo. Such a change in
osition is particularly problematic in this work, because it will result
n many galaxies and groups being erroneously tagged as members

f a cluster. 

 ht tp://popia.ft .uam.es/AHF 

https://www.cosmosim.org
http://popia.ft.uam.es/AHF
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These merger tree mismatches are especially common during a 
ajor merger between two haloes. Behroozi et al. ( 2015 ) showed

hat various halo finders experience this same problem, where two 
erging haloes of similar size can be accidentally switched by a 

ree-builder, leading to the sizes and positions of haloes appearing 
o change suddenly and dramatically. Many of the clusters in 
HE THREE HUNDRED experience major mergers; a recent study, 
ontreras-Santos et al. ( 2022 ), discusses cluster mergers in THE 

HREE HUNDRED simulations in detail. In fact, we find that 59 
f our 324 simulated clusters experience a change in position of
 0.5 R 200 ( z) between two snapshots after z = 1. We find that, given

hat the typical time elapsing between snapshots at this redshift is
0.3 Gyr, this distance is non-physical and so likely due to these

ree-builder issues. 
In some cases, the tree-builder instead misses a link in the merger

ree, causing a branch of the merger tree to end prematurely and
he history of the halo before this link to be lost. For 17 clusters,
he central cluster halo is affected in this way, and the evolution of
he cluster halo cannot be tracked back further than z = 0.5. We
hoose to also remo v e these clusters from our analysis, in order to
 v oid affecting our results with clusters that do not have complete,
eliable merger trees. Nine of these clusters also experience the halo 
ismatches described in the previous paragraph, resulting in a total 

f 67 clusters that we choose to remo v e from our sample. 
The remaining 257 clusters have M 200 masses (dark matter, 

as, and stars, including subhaloes) ranging from 5 × 10 14 to 
 . 6 × 10 15 h 

−1 M �, with a median value of 8 × 10 14 h 

−1 M �.
heir radii ( R 200 ) range from 1.3 to 2.3 h −1 Mpc, with a median
f 1.5 h −1 Mpc. 

.3 Galaxy and group selection 

n this work, we place lower limits on the total mass (including dark
atter, gas and stars) and the stellar mass of galaxies in the simula-

ions, so that all the haloes we keep from our halo finder represent
eal, ph ysical g alaxies. We only examine g alaxy haloes with a total
ass of M 200 ≥ 10 10 . 5 h 

−1 M �, which corresponds to approximately 
00 particles in the high-resolution regions containing the clusters. 
e also only use galaxies with a stellar mass M star ≥ 10 9 . 5 M �. We

onsider these to be physical galaxies that have built up a substantial
opulation of stars – this cut is approximately equi v alent to removing
ll galaxies with a luminosity L < 10 8 L �, whilst keeping all galaxies
ith L > 10 9 L �. This stellar mass cut also allows us to investigate
 similar population of galaxies to upcoming observational studies, 
uch as the WEAVE 

5 Wide-Field Cluster Surv e y, which will study
luster galaxies down to stellar masses of ∼10 9 M � (e.g. Kuchner 
t al. 2020 ). Finally, we remo v e all galaxies from our simulations that
ontain more than 30 per cent of their mass in stars. These objects 
re generally found extremely close to the centre of a larger halo, and
o have been heavily stripped (Knebe et al. 2020 ), leaving remnants
ith high stellar mass fractions, whose properties (such as their radii 

nd masses) are not well-defined by our halo finder. These objects 
re very rare, and make up only 1 per cent of all haloes within 5 R 200 

f the clusters, so we make the decision to remo v e these objects from
ur analysis. By applying these three constraints to our simulations, 
e consider all remaining objects to be realistic galaxies with a 

ignificant population of stars at z = 0. 
 https:// www.ing.iac.es// confluence/display/WEAV 
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.3.1 Group identification 

hroughout this work, we identify galaxy groups by taking each 
alaxy, assuming its halo to be the host halo of a galaxy group,
nd then determining if any other galaxies in the same snapshot are
ssociated with it. We identify galaxies as being associated with a
alo (and thus members of the group) using the same approach as Han
t al. ( 2018 ). They assume that a group’s dark matter halo follows a
pherically symmetric Navarro-Frenk-White (NFW) density profile 
Navarro et al. 1996 ), truncated at R 200 . Using this to calculate the
ravitational potential of the group halo, they identify group members 
s those that satisfy the criterion given below: 

v 2 

2 
+ � ( r ) < � 

(
2 . 5 R 

grp 
200 

)
. (1) 

Here, v is the relative velocity of a galaxy with respect to its group
ost, � ( r ) is the gravitational potential due to the group host at a
istance r from its centre, and R 

grp 
200 is the radius of the group host

alo. It is important to note that this is different to the radius of the
ost cluster in each simulation, which is subsequently referred to by
 

clus 
200 . Any galaxies that are less massive than their group host and

hat satisfy equation ( 1 ) are taken to be bound members of this group.
lthough we hereafter refer to these group members as being ‘bound’

o their host group, it is important to note that this definition is not
echnically equi v alent to gravitational binding. Pre vious work (e.g.
ehroozi, Loeb & Wechsler 2013 ) has shown that halo particles can
e gravitationally balanced against the Hubble flow out to ∼4 R 200 

rom the halo centre. Ho we ver, equation ( 1 ) places an artificial radial
imit on groups, so that galaxies can only be found as far as 2 . 5 R 

grp 
200 

rom the centre of the group. 
This outer limit is the same as was used by Han et al. ( 2018 ):

heir choice was moti v ated by the work of Mamon et al. ( 2004 ),
ho showed that backsplash galaxies are typically found out to 

pproximately 2.5 R 200 from their host halo, but rarely any further.
y setting this as the outer limit of a group, we include almost all
alaxies that are on bound orbits around the group (having passed
hrough its central halo at least once), whilst excluding galaxies that
ave not entered the group halo before. Furthermore, the relative 
elocity term in equation ( 1 ) means that only slow-moving galaxies
t large distances are included as group members. Galaxies moving 
t greater velocities are excluded from the group, as these are likely
fly-by’ galaxies or ‘renegade subhaloes’ (Knebe et al. 2011b ), which
appen to be passing near to the group, but are not bound to it. 
If a halo has four or more galaxies associated with it that each

ave a smaller total mass (including dark matter, gas, and stars) than
he halo, we define this as a group, with the halo being the ‘group
ost’ halo. Throughout this work, we assume that the central group
alaxy in each of these group host haloes exists at the centre of the
alo which has been shown to be the case in previous work. Lin &
ohr ( 2004 ) used X-ray observations of groups and clusters with
asses similar to those in this work (10 13.5 M � < M 200 < 10 15.3 M �)

o show that in 75 per cent of these haloes, the brightest galaxy is
ocated within 0.06 R 200 of the halo centre; this result is corroborated
y both Hwang & Lee ( 2008 ) and Stott et al. ( 2012 ). 
Very small groups with fewer than five members are common; 

o we ver, for the mass constraints that we put in place in Section 2.3 ,
 collection of � 5 associated galaxies is typically required to define a
roup (see e.g. Tully 2015 ). Additionally, we only study groups with
0 or fewer members, as detailed in the following section. Again,
e stress that this limit applies to the number of group members that

atisfy the mass constraints in Section 2.3 , as is the case throughout
he rest of this work unless stated otherwise. 
MNRAS 518, 1316–1334 (2023) 
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M

Figure 1. Schematic of a galaxy group halo (dark circle) passing within R 

clus 
200 

of a cluster (light circle) for the first time. Red crosses represent galaxies that 
are members of this group; note that these are not limited to be within R 200 

of the cluster or the group at infall, but are just defined based on equation ( 1 ). 
The position, r , and velocity, v, of one galaxy relative to its host group are also 
labelled. The subsequent path of this group through the cluster is shown by 
the thick, grey line, and the black squares on this line represent the moments 
of pericentre, apocentre, and second inf all of the group (mark ed P , A , and I 2 , 
respectively), which are used extensively in Section 4 of this work. 
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6 Muldrew et al. ( 2011 ) use the definition of virial radius presented in 
Bryan & Norman ( 1998 ). For their cosmology, the mean density of a halo 
within the virial radius is 101 ρcrit , where ρcrit is the critical density of the 
Universe. Hence, for the clusters used in their work and ours, R vir = R 101 ≈
1.3 R 200 , although it is important to note that this conversion depends on the 
concentrations and density profiles of dark matter haloes. 
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.3.2 Infalling groups 

he focus of this work is on the evolution of galaxy groups as they
nter and pass through a galaxy cluster. In order to study this, we
dentify a sample of infalling galaxy groups at all redshifts, in the
ame way as our previous study (Haggar et al. 2021 ), and other
revious work (e.g. Choque-Challapa et al. 2019 ). To do this, we
dentify all galaxies that have just fallen into the cluster; these are
alaxies that are within R 

clus 
200 of the cluster centre, having been outside

f the cluster in the previous snapshot. These objects are referred to
s the ‘infalling’ galaxies. Note that we do not distinguish by the
ime at which the galaxies entered the cluster – these infall events
an happen at any time over a cluster’s history. 

We then examine each of these galaxies using the method de-
cribed in Section 2.3.1 , to determine whether each object is the
ost halo of a galaxy group that has passed within the radius of
he cluster. We keep groups with between five and 50 members
including the host object) that each satisfy the mass constraints
iven in Section 2.3 . Groups of this richness are considered to be
mall or intermediate-sized groups (Tully 2015 ), but are large enough
o provide an environment that can strongly impact galaxy evolution
Hester 2006 ). Because of the upper limit of 50 members on the
roup size, major cluster–cluster mergers are not included in this
tudy. 

Fig. 1 shows a schematic view of a galaxy group at the moment
f infall, and its subsequent passage through a cluster. Finally,
e exclude any groups that have passed through the cluster once
reviously, so that all of the groups in our sample are entering a
NRAS 518, 1316–1334 (2023) 
luster for the first time. Groups on a second (or subsequent) infall
ake up less than 1 per cent of the groups we identify, so we assume

hat this will not strongly impact our results. 
Overall, we identify 1340 infalling groups across the 257 clusters

hat we use in this work, with a median richness (number of galaxies)
f 8 + 7 

−3 members (1 σ spread). This indicates that, although we permit
roups to contain up to 50 members, groups of this richness are rare
ompared to the large number of poorer groups – only 8 per cent of
he groups contain more than 20 members. The average mass, M 

grp 
200 ,

f these groups at cluster infall is 10 13 . 5 ±0 . 4 h 

−1 M � (median and 1 σ
pread). This means that the typical mass ratio between a group and
luster is roughly 1:20, although this varies across the range of group
nd cluster masses, from approximately 1:5 to 1:100. Finally, these
roups enter the cluster o v er a wide range of redshifts, with a median
alue of z infall = 0 . 4 + 0 . 6 

−0 . 3 . 

.3.3 Tidal radius of groups 

ubhaloes passing through a larger halo can experience strong tidal
tripping, and group-sized haloes can often lose a large fraction of
heir mass due to stripping from a cluster (Muldrew, Pearce & Power
011 ; Bah ́e et al. 2019 ). Similarly, galaxies can be tidally stripped
rom these groups (Gonz ́alez-Casado et al. 1994 ; Choque-Challapa
t al. 2019 ), although the extent of this stripping varies between
ifferent studies. For example, Vijayaraghavan, Gallagher & Ricker
 2015 ) found that the central regions of galaxy groups are largely
naffected by a cluster potential, and are only disrupted by dynamical
riction after several Gyr. 

The tidal radius of a group or dark matter halo is an ef fecti ve
ay to predict and explain tidal stripping. Generally, the tidal radius

s defined as the distance from a smaller object at which the self-
ravity of that object is less than the tidal force due to a larger
bject. Ho we ver, the tidal radius is not precisely defined, and different
efinitions exist for different scenarios (see van den Bosch et al. 2018 ,
or a detailed summary). Perhaps the simplest example is the Roche
imit, the tidal radius of a point mass that is being tidally influenced
y another point mass. More physically moti v ated scenarios such as
n extended subhalo within a larger extended halo (as is used in this
ork) require more complex descriptions. 
Calculating a tidal radius is complicated further by the fact that

ubhalo properties are often poorly defined by a subhalo finder, and
an be strongly dependent on the distance of a subhalo from the group
entre. Muldrew et al. ( 2011 ) test the ability of AHF and another halo
nder, SUBFIND (Springel et al. 2001 ), to reco v er subhalo properties.
hey find that AHF performs better at identifying all the particles of
 subhalo, and thus constrains the subhalo mass more ef fecti vely.
o we ver, for subhaloes within ∼0.5 R vir ( ∼0.7 R 200 ), 6 both halo
nders underestimate the number of particles in the subhalo. This
akes it challenging to predict the mass, and therefore the radius,

f subhaloes in these regions. Furthermore, in our work we wish to
ombine the data from multiple galaxy groups (of different sizes)
n multiple galaxy clusters (also of different sizes). It is therefore
onvenient to have an expression for the group tidal radius that is
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7 There are a small number of groups with highly concentrated haloes, so we 
use the 1 σ spread in C g to a v oid skewing our data. 
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ndependent of the cluster or group size, and solely depends on the
eparation between these two. 

We define the tidal radius of an infalling subhalo by adapting the
escriptions in Klypin et al. ( 1999 ) and van den Bosch et al. ( 2018 ).
pecifically, the y giv e the tidal radius in terms of a function, f ( d ),
hose value is the minimum of two expressions: 

 t = d 

(
M 

grp 
< d ( R t ) 

M 

clus 
< d ( d) 

1 

2 − f ( d) 

) 1 
3 

, (2) 

 ( d) = min 

[ 

1 , 
d 
(
lnM 

clus 
< d 

)
d(ln d) 

∣∣∣∣∣
d 

] 

. (3) 

Here, R t is the tidal radius of the group, d is distance from a group
o the cluster centre, and M are the radial enclosed mass profiles of
he group and the cluster. We assume the radial density of the dark

atter haloes follow an NFW profile (Navarro et al. 1996 ), given by

( d) = 

ρ0 

x ( 1 + x ) 2 
, (4) 

 = 

d 

R s 
, (5) 

here ρ( d ) is the radial density of the halo in terms of the distance
o its centre, ρ0 is a characteristic density, and R s is the scale radius
f the halo. We also define the quantity x to make the equations in
his section more easily readable. The concentration of a halo, c , is
qual to the ratio between R 200 and R s : 

 s = 

R 200 

c 
. (6) 

Integrating the NFW profile, equation ( 4 ), gives the enclosed mass
n a sphere of radius d : 

 < d = 4 πρ0 R 

3 
s 

[
ln 

(
1 + 

d 

R s 

)
− d 

d + R s 

]
. (7) 

This can then be used to rewrite equation ( 3 ). For a general NFW
rofile, f ( d ) = 1 in the region d � 2.2 R s . Ho we ver, f ( d ) < 1 outside
f this region, and so must be calculated for each subhalo. Solving
he deri v ati v e in the e xpression of f ( d ) giv es: 

 ( d) = min 

[
1 , 

(
( x/ (1 + x)) 2 

ln ( x + 1) − x/ (1 + x) 

)]
, (8) 

here x is defined the same as in equation ( 5 ). 
Also using equation ( 7 ), we can produce an expression for M 200 ,

s M < d ( d = R 200 ) = M 200 . Substituting this into equation ( 7 ) gives 

 < d = M 200 

[
ln ( 1 + x ) − x 

1 + x 

]

×
[

ln ( 1 + c ) − c 

1 + c 

]−1 

. (9) 

This expression can then be substituted into the equation for tidal 
adius, equation ( 2 ), for the cluster enclosed mass, M 

clus 
< d ( d), and for

he mass enclosed within the tidal radius of a group, M 

grp 
< d ( R t ). This
ives the expression for tidal radius below, 

R t 

R 

grp 
200 

= 

d 

R 

clus 
200 

(
1 

2 − f ( d) 

) 1 
3 

×

⎛ 

⎜ ⎜ ⎝ 

[
ln 
(

1 + 

C c d 

R clus 
200 

)
+ 

(
1 + 

C c d 

R clus 
200 

)−1 
− 1 

]
[ 
ln ( 1 + C c ) − C c 

1 + C c 

] 
⎞ 

⎟ ⎟ ⎠ 

− 1 
3 

×

⎛ 

⎜ ⎜ ⎝ 

[
ln 
(

1 + 

C g R t 

R 
grp 
200 

)
+ 

(
1 + 

C g R t 

R 
grp 
200 

)−1 
− 1 

]
[ 
ln 
(
1 + C g 

) − C g 

1 + C g 

] 
⎞ 

⎟ ⎟ ⎠ 

1 
3 

, (10) 

here C c and C g are the concentrations of the cluster and group
aloes, respectively, and f ( d ) is given by equation ( 8 ). Finally, we
ake the halo concentrations to be constant for all of the clusters, and
ll of the groups. Specifically, we set the value of C c equal to the
edian value for our clusters, C c = 3.9, and C g equal to the median

alue for our groups, C g = 4.4. Approximating these concentrations 
s constant has a small effect because equation ( 10 ) is not strongly
ependent on them. For a group at a distance d = 0 . 2 R 

clus 
200 from

he cluster centre, the value of R t varies from its median value by
0 per cent across the full range of cluster concentrations (from C c =
.3 to C c = 7.7). At greater distances from the cluster centre, this
 ariation is e ven smaller. Similarly, the 1 σ de viation 7 in C g , between
.6 and 6.9, leads to a variation in R t of less than 18 per cent . This
ariation is used as the uncertainty in the tidal radii that we calculate
n Section 3.2.1 . 

By making these assumptions, we are able to reach an expression
or the tidal radius of a group in units of R 

grp 
200 that depends only

n the distance from the group to the cluster centre. As R 

grp 
200 of a

roup can change o v er the course of infall, the tidal radius could be
caled by this changing group radius. Ho we ver, we instead choose
o scale the tidal radius by R 

grp 
200 at the moment of cluster infall, to

llow us to stack groups and study their evolution more clearly – this
s explained in further detail in Section 3.2 . 

Equation ( 10 ) is an ideal form of the tidal radius for our analysis,
s it allows us to calculate the average tidal radius for all groups in
 radial bin across many clusters. This form of the tidal radius may
lso be useful in future studies, both observational and theoretical, 
hat wish to stack substructure on multiple different size scales. 

 PHASE  SPAC E  E VO L U T I O N  

uch of the work in this paper revolves around studying the phase
pace of galaxies within galaxy groups, as the groups enter and pass
hrough a cluster, and how the distribution of galaxies within this
hase space changes o v er time. This analysis follows the same basic
rocess as in Haggar et al. ( 2021 ); the phase space consists of the
adial distance of a galaxy from its host group halo in terms of the
roup halo radius, R 

grp 
200 , and the galaxy’s velocity relative to the

roup halo, in units of v cir , the circular orbital velocity at r = R 

grp 
200 .

t is important to stress that this work involves looking at the phase
pace of galaxies relative to their host group, not the cluster (as
as been done by numerous previous studies, e.g. Jaff ́e et al. 2015 ;
rthur et al. 2019 ). This method can provide detailed information,
y showing both the spatial and velocity distribution of galaxies in
MNRAS 518, 1316–1334 (2023) 
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Figure 2. Distribution of galaxies in group phase space, for groups at the 
moment of infall into the host cluster. Data for all groups from all 257 
clusters that are used in this analysis are shown, stacked together. Lighter 
colours represent regions of phase space with more galaxies – the maximum 

value is at r = 0 . 65 R 

grp 
200 , v = 1.15 v cir , representing the region of this phase 

space in which group members are most likely to be found. The red line 
represents the boundness criterion for galaxies equation ( 1 ); galaxies abo v e 
this line are not considered group members, and so are excluded from this 
figure. Contours are at densities of [0.2, 0.4, 0.6, 1, 2, 4, and 6] ( R 

grp 
200 v cir ) −1 . 

The data in this figure, and subsequent phase space diagrams in this work, 
are smoothed using a 2D KDE with an optimized bandwidth, typically ∼0.2 
virial units. 
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Figure 3. Motion of group members in phase space of host group, for groups 
located beyond the influence of a cluster. The thick red line shows boundness 
criterion, providing an approximate measure of galaxies that have become 
unbound from their group. Colours of arrows represent the rate at which 
galaxies are moving in this phase space, with darker arrows indicating that 
galaxies are moving at a greater rate in this phase space. This plot shows 
stacked data for 2769 groups, located between 3 and 10 R 

clus 
200 from the centre 

of a cluster, between z = 0.1 and z = 0. This sho ws ho w galaxies mo v e 
in the phase space of groups when the group is not affected by the external 
environment. All galaxies lie below the bounded line at z = 0.1; ho we ver, 
some mo v e abo v e the red line and become unbound, although man y remain 
bound to the group. The motion of the bound galaxies follows a characteristic 
pattern, rather than being in random directions. 
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roups, and telling us how the speed and acceleration of galaxies
iffer in different regions of the group. 
Fig. 2 shows the average distribution of galaxies in phase space,

or an infalling group – a group that has just passed within R 

clus 
200 of

he cluster centre for the first time, as shown in Fig. 1 . Similarly
o our previous work (Haggar et al. 2021 ), we produce a smoothed
istribution of galaxies using a two-dimensional (2D) kernel density
stimation (KDE) with an optimized bandwidth. In the remainder of
his section, we examine how this phase space changes as a group
asses through a cluster. 
The 1340 infalling groups that we identify represent an average

f 5.2 accreted groups per cluster – this might appear to be a small
umber; ho we ver, it is important to note that this is not the entire
ccreted group population, as this only accounts for intermediate-
ized groups (with between five and 50 members). Although they use
ifferent mass limits to this work, Berrier et al. ( 2009 ) demonstrate
hat about half of galaxy groups contain only two or three members,
nd such groups are not included in our analysis. If we do include
hese poor groups, we find that approximately 14 per cent of z =
 cluster galaxies in our simulations were accreted as members of
 group, comparable to the results from other studies presented in
ection 1 (see also Haggar et al. 2021 ). 

.1 Groups beyond the cluster outskirts 

efore studying groups passing through clusters, we first study how
his phase space changes in groups that are not under the influence of a
luster, and are located far from the cluster centre (greater than 3 R 

clus 
200 

rom the cluster). This can then be used as a control, showing how
he distribution of galaxies changes for a group evolving secularly,
s an (approximately) isolated system. Fig. 3 shows the direction and
ate at which galaxies in groups mo v e around this phase space, for
roups between 3 and 10 R 

clus 
200 from the centre of a cluster, between

edshifts of z = 0.1 and z = 0. We assume that these groups are
NRAS 518, 1316–1334 (2023) 
solated, as they are sufficiently far from a cluster that they are not
ubject to its strongest effects. We did not study groups at greater
luster distances because the resolution of the simulations decreases
utside of this distance. This figure includes only galaxies that were
ound to a group (i.e. that lay below the thick red line) at z = 0.1,
hich we then follow until z = 0 (about 1.3 Gyr). 
Throughout this section, in order to study how the speeds and

ositions of group galaxies change, we examine the changes of these
roperties for bound group members, relative to R 

grp 
200 and v cir of their

ost group measured at a previous time. In Fig. 3 and the following
gures in Section 3.2 we sho w ho w the phase space of groups
hanges o v er time. In these plots, the direction of arro ws sho ws
he average direction that galaxies in this region are moving in phase
pace, and darker arrows mean that the galaxies are moving across
he phase space more quickly. For example, a galaxy going from
1 . 0 R 

clus 
200 , 0 . 5 v cir ] to [2 . 0 R 

clus 
200 , 1 . 5 v cir ] in 2 Gyr would be represented

y an arrow located at [1 . 5 R 

clus 
200 , 1 . 0 v cir ], pointing at a 45 ◦ angle to

he top-right region, with a colour of ∼0.71. Note that the horizontal
nd vertical axes in Fig. 3 are dimensionless, as they have been
ormalized to prior values of R 

grp 
200 and v cir , and so we describe the

istance mo v ed across this phase space in a giv en time with the term
virial units per Gyr’. 

The positions and velocities of the galaxies in Fig. 3 are scaled
elative to R 

grp 
200 and v cir of each group at z = 0.1. Some regions of

hase space do not contain any arrows because of a lack of data,
ndicating that almost no galaxies were found in this region across
ll the groups – e.g. there are no galaxies in the top-right panel of
ig. 3 , because they were all below the red line just a short time
reviously. Some galaxies are still found abo v e the line, because
he y hav e become unbound between z = 0.1 and z = 0. 

The phase space of these groups is not in equilibrium, and bound
alaxies in the centres of these groups appear to be moving down-
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Figure 4. Same as Fig. 3 , but showing motion of group members in phase space of host group for two epochs, before and after pericentre. Data shown are for 
galaxies that are bound to groups at the moment of infall, for groups on their first passage through the cluster. The red line shows boundness criterion at the 
moment of infall, and so provides an approximate measure of galaxies that have become unbound from their group. Left-hand panel shows data for groups before 
reaching their first pericentric passage of the cluster, moving between R 

clus 
200 and cluster centre, and the right-hand panel shows groups moving between the cluster 

centre and R 

clus 
200 , which have passed their pericentre and are now receding from the cluster, moving towards their first apocentric passage. For pre-pericentre 

groups, the bulk motion of the galaxies is upwards, representing an increase in their group-centric speed, but little change in the spatial separation of galaxies 
from their host group. In contrast, for groups that have passed pericentre and are now receding from the cluster, group members are moving approximately 
horizontally in phase space, increasing their distance from the group to which they were previously bound. 
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ards on this plot (i.e. losing speed but remaining a similar distance
rom the group centre). This indicates that energy is being dissipated 
uring their orbits. Dynamical friction is strongest in the group 
entres, and so this is likely responsible for the loss of energy during
hese orbits. Fig. 2 in Arthur et al. ( 2019 ) shows analogous behaviour
o this for the phase space of a galaxy cluster: Subhaloes mo v e
orizontally in phase space when approaching the centre of their host
alo, then mo v e sharply downwards when the y are near to the halo
entre, resulting in the apparent ‘spiral’ motion of galaxies in Fig. 3 .

This trend could also potentially be explained by the destruction 
f some inner galaxies by mergers before they have time to leave the
roup centre. Ho we ver, we find that this is not the case, as the majority
82 per cent ) of galaxies within 0 . 5 R 

grp 
200 of the group centre survive

o z = 0 without merging into another halo or being heavily stripped
see Section 4.3 for further discussion of the fates of group members).
urthermore, if we remo v e these galaxies from our analysis, there is
 negligible change in the trends in Fig. 3 . 

.2 Groups passing through clusters 

o study groups falling into clusters, the phase space diagrams that 
e present are instead scaled relative to R 

grp 
200 and v cir of each group at

 infall , the moment of cluster infall. We scale the positions and speeds
f galaxies by these v alues, e ven in subsequent snapshots after z infall .
his approach is not perfect, because the radius and circular velocity 
f a host group halo changes as the group approaches the centre of
 cluster, likely due to tidal stripping. Despite this, we choose to
easure these properties only at the moment of infall because, in the
entral regions of a large halo, the mass and radius of a subhalo are
ot well-defined; due to the high background density in the centre of
he cluster halo, it can be challenging for a halo finder to identify the
 v erdensity of a subhalo. Consequently, near the centre of a cluster,
he mass and radius of a group ( M 

grp 
200 and R 

grp 
200 ) are not reliable

Muldrew et al. 2011 ). Scaling by the values of R 

grp 
200 and v cir at z infall 

llows us to visualize how the absolute values of the distance and
peed of galaxies relative to their groups are changing. This means
hat galaxies lying below the line of boundness after infall are not
trictly bound to the group; ho we ver, the approach still provides a
ood approximation. 
In this section, we consider groups that are entering the cluster

or the first time, and so have not previously experienced a cluster
otential. We also only include groups at times between their first
nfall, and their first apocentric passage after entering the cluster 
the turnaround in their cluster orbit). It is important to note that
his is not necessarily the true ‘first apocentre’ of an orbit, as haloes
re not accreted on to clusters in perfectly radial orbits. Instead, they
ave some tangential component to their velocity, meaning that some 
aloes will pass an apocentre before their entry to the cluster (Ghigna
t al. 1998 ; Tollet et al. 2017 ). Ho we ver, as the focus of this paper is
n the evolution of groups after their cluster infall, we will hereafter
efer to the first apocentric passage post-infall as the ‘first apocentre’.
inally, we do not separate groups by redshift – e.g. some of these
roups have passed their first pericentre by z = 0, but some have not
nd so are absent from the post-pericentre analysis. 

Fig. 4 shows how the phase space of these groups changes as they
ass through a cluster. We find that the behaviour of groups as they
MNRAS 518, 1316–1334 (2023) 
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nter and pass through a cluster can be approximately split into two
ain phases, with the group dynamics changing suddenly as a group
akes its closest approach to the cluster centre, as shown by the

wo panels in this figure. The left-hand panel of Fig. 4 shows groups
n their infall, moving from the cluster outskirts towards their first
ericentric passage, near to the cluster centre. Generally, the galaxies
n these groups mo v e upwards on this plot, showing an increase in
heir velocity relative to their host group. These data are for galaxies
hat are bound to groups at the moment of infall ( z infall ); ho we ver,
ome of these mo v e abo v e the red line and so become unbound from
heir host group. Similarly to in Fig. 3 , the direction of arrows shows
he average direction that galaxies are moving in phase space, for
alaxies in this region of phase space. It is important to note that the
rrows in the left-hand panel (‘pre-pericentre’) are pointing vertically
pwards, with a very small horizontal component. This shows that
lthough these galaxies have a large change in speed, their distance
o the group centre does not change very much; galaxies within R 

grp 
200 

emain within R 

grp 
200 . 

This behaviour is different for groups that have passed the
ericentre of their orbit, shown in the right-hand panel of Fig. 4 .
his panel shows data for groups at snapshots when they have passed
ericentre, b ut ha ve not yet reached their first apocentre, and so are
eceding from the cluster centre. Groups are also only included here
t stages of their orbit when they are between the cluster centre
nd R 

clus 
200 , to allow us to compare the two panels in Fig. 4 . Instead

f increasing their velocity, most galaxies in these post-pericentre,
eceding groups keep a fairly constant relative velocity, and instead
o v e horizontally on this plot, becoming spatially separated from the

entre of their host group. This behaviour is stronger for galaxies that
ave become unbound from the group, moving above the boundness
ine – these mo v e to greater distances from the group centre, often
ith an accompanying slight increase in relative speed. Galaxies that

re still bound to a group instead experience a drop in their relative
peed, as well as an increase in separation from the group centre. 

In summary, Fig. 4 shows that there are two phases of evolution
or a galaxy group passing through a large cluster. First, galaxies are
iven a kinetic energy kick, increasing their speed relative to their
ost group. This rapid boost in kinetic energy is manifested after
he group passes pericentre, which typically occurs ∼0.5 Gyr after
ntering the cluster, by being converted into potential energy as the
alaxies recede from the group centre. 

.2.1 Tidal effects and dynamical friction 

n Fig. 5 , we break down the results from Section 3.2 into individual
teps, separating the infalling groups into bins based on their cluster-
entric distance, both before and after passing pericentre. This gives
 much more detailed view of how this phase space changes o v er the
verage course of a group through a cluster. We note that each panel
oes not represent an identical sample of groups, as most groups
ill not have a snapshot in all of these radial bins, and so these data

epresent the evolution of all groups that are found in this radial
ange. If we instead select only groups that have passed through each
f these bins, there is only a minimal impact on our results; ho we ver,
arge amounts of noise are introduced due to the small number of
roups. 
In each panel, the tidal radius (based on the approximations

etailed in Section 2.3.3 ) for a group in the centre of this bin is
lso marked, in units of the group radius at infall. The closer a group
s to the cluster centre, the stronger the effect of the cluster will be,
nd this is demonstrated by the decrease and subsequent increase
NRAS 518, 1316–1334 (2023) 

s  
f the tidal radius as groups pass through the cluster. Interestingly,
cross the eight panels, the tidal radius appears to mark a transition,
uch that the group dynamics evolve differently within the tidal
adius, compared to beyond the tidal radius. Outside the tidal radius,
alaxies first experience a kinetic kick and then recede from the group
entre, as detailed in the previous section. However, inside the tidal
adius, galaxies generally behave in a way similar to that seen in the
entres of isolated groups in Fig. 3 – they mostly mo v e downwards
n these plots, showing a decrease in speed. 
Physically, this distinction indicates how the dynamics in some

egions of the group are dominated by the group itself, whilst
thers are dominated by the effects of the cluster. As described
n Section 3.1 , galaxies in isolated groups experience dynamical
riction due to the group’s halo (Vijayaraghavan et al. 2015 ). This
s particularly strong in the dense central regions of the group,
here dynamical friction will cause galaxies to slow down and

piral inwards, dominating o v er the effect of the cluster. However,
eyond the tidal radius, tidal effects from the cluster dominate this
ynamical friction, meaning that the mo v ement of galaxies in phase
pace is dictated by the cluster, not the group. The change in the tidal
adius means that the two phases of group evolution are clearer in the
utskirts of a group, as the dynamics of these regions are dominated
y the cluster for much of the group’s journe y. Conv ersely, galaxies
n the group centres ( r < 0 . 5 R 

grp 
200 ) decrease in velocity at almost

ll times, as they are almost al w ays within the tidal radius. The only
xception to this is in the very deepest parts of the cluster (such as
n panel d in Fig. 5 ). Dekel, Devor & Hetzroni ( 2003 ) showed that at
he very centre of a dark matter halo, tidal forces can become fully
ompressive – this could explain why all group galaxies change their
rbits around their host groups, with their speeds increasing and their
istances either remaining the same or decreasing. 
Finally, as the change from an increase in v to an increase in

 is dependent on the tidal radius, this switch in behaviour is not
nstantaneous as it might appear to be in Fig. 4 . Once a group reaches
 distance of approximately 0 . 3 R 

clus 
200 beyond pericentre (panel f

n Fig. 5 ), the motion of galaxies away from the group begins in
he centre, and then spreads throughout the group as it once again
ominates o v er the cluster. Ev entually, for groups that are long past
ericentre (panel h of Fig. 5 ), all galaxies are either decreasing in
elative speed, or their speed is staying the same. All the galaxies
emaining in groups at this stage are also moving away from the
roup centre, towards the bottom-right region of the phase space,
hich is characteristic of galaxies approaching the apocentre of a
ound orbit around a group. 
To help visualize this behaviour, Appendix A sho ws ho w group

alaxies mo v e around phase space for a single e xample group as it
asses through a cluster, clearly showing the two main phases of
roup evolution. 

 G RO U P S  AFTER  CLUSTER  I NFA LL  

he results in Section 3 show how the dynamics of galaxy groups
hange as they pass through a cluster. In this section, we discuss the
ifferences in the properties of a group before and after it passes
hrough a cluster, in order to understand how distinguishable these
wo classes of groups are. 

.1 Orbits of galaxy groups 

he data used in Section 3 are for groups on their first passage
hrough a cluster; ho we ver, not all of these groups will follow the
ame path. Just as some galaxies that are accreted by a cluster can
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than the average mass of all groups, 10 13 . 5 h −1 M � (Section 2.3.2 ). Ho we ver, 
as we discuss in Section 4.3 , we still consider these to be a representative 
sample of all infalling groups. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1316/6747144 by guest on 21 D
ecem

ber 2022
ecome ‘backsplash galaxies’ (Balogh, Navarro & Morris 2000 ;
ill, Knebe & Gibson 2005 ; Haggar et al. 2020 ), some groups will
ass through the cluster and exit R 

clus 
200 again, becoming ‘backsplash

roups’ that can enter the cluster for a second time. Others will ‘stick’
o the cluster, remaining bound and not leaving R 

clus 
200 once they have

ntered. 
We find that, across the 257 clusters used in this work, most groups

92 per cent ) that fall into a cluster do not leave it again. By z = 0,
nly 42 per cent of the groups that enter a cluster have reached their
rst turnaround (apocentre) in their cluster orbit, while 58 per cent do
ot reach this stage. These groups do not reach apocentre for multiple
easons; either they have merged with the cluster halo before reaching
pocentre rather than remain a substructure of the cluster, they have
een heavily stripped by the cluster and so fall below the resolution
imit before reaching apocentre, or they have simply not had time to
each apocentre by z = 0. Of the groups that do reach the apocentre of
heir orbit, 20 per cent have left the cluster after entering R 

clus 
200 , while

0 per cent reach apocentre within R 

clus 
200 of the cluster centre, and so

emain ‘stuck’ to the cluster potential. We hereafter refer to these as
backsplash groups’ and ‘stick y groups’, respectiv ely. Ov erall, just
 per cent of all infalling groups go on to leave the cluster again.
inally, 81 per cent of the backsplash groups in our sample later
xperience a second cluster infall, and 19 per cent are still outside of
he cluster at z = 0. 

The paths that groups can take through a cluster can be described
n terms of the distance from a group to the cluster centre at pericentre
nd apocentre. Interestingly, we find that the distance of a group halo
rom the cluster centre at pericentre is v ery consistent, re gardless
f the group’s later behaviour. Groups that do not reach apocentre
ave a median pericentric distance of 0 . 36 + 0 . 14 

−0 . 09 R 

clus 
200 from the cluster

entre, which is very similar to the pericentre of groups that do later
each apocentre: Backsplash groups and sticky groups have median
ericentric distances of 0 . 38 ± 0 . 13 R 

clus 
200 and 0 . 36 + 0 . 11 

−0 . 08 R 

clus 
200 , respec-

ively. This justifies our decision to normalize the figures throughout
his paper by the group radius at infall, as most groups pass well
ithin 0 . 7 R 

clus 
200 , where Muldrew et al. ( 2011 ) showed that subhalo

izes cannot be reliably measured. 
This shows that most groups take a similar trajectory into clusters,

assing by the cluster centre at a similar distance. Ho we ver, the
ubsequent orbits of these groups can vary dramatically, with groups
eaching a wide range of apocentric distances, and some not being
racked to reach their apocentre at all. By definition, the post-infall
pocentric cluster distances of backsplash groups and sticky groups
re very different. Backsplash groups have a median apocentric
istance of 1 . 16 + 0 . 29 

−0 . 12 R 

clus 
200 , and sticky groups of 0 . 63 + 0 . 22 

−0 . 16 R 

clus 
200 , which

orrespond to median orbital eccentricities of 0.53 ± 0.12 and
 . 25 + 0 . 19 

−0 . 15 , respectively. 

.2 Remo v al of galaxies from groups 

he sample of backsplash groups that exit a cluster and then re-
nter allow us to directly compare how a single passage through a
luster permanently affects the properties of a group. Comparing the
ame sample of groups at the moment of first infall and second infall
eans that the groups are in approximately the same configuration

at a distance of ∼ R 

clus 
200 , falling towards the cluster). 

Overall, we find that groups on a second infall contain far fewer
alaxies, when compared to groups infalling for the first time. On
heir first infall, the median number of galaxies in these groups was
 

+ 3 
−1 (note that this is slightly smaller than the value of 8 + 7 

−3 quoted
n Section 3 , which includes groups that do not exit and re-enter the
luster). By their second infall, the median richness of these same
NRAS 518, 1316–1334 (2023) 
roups is 2 ± 1 members. In fact, 46 per cent of the groups that are
nfalling for the second time contain only one member. Physically,
hese objects are not actually groups at all: A ‘group’ with one
ember instead represents a single galaxy that has no other galaxies

ound to it, having previously been the central galaxy in a group. This
hows that, in a single passage through a cluster, almost all galaxies
ecome unbound from groups. Often this process completely disrupts
 group, resulting in no galaxies remaining bound together. 

Similarly, the dark matter haloes of these groups are heavily
tripped during their passage through the cluster. At first infall,
he median radius, R 

grp 
200 , of a group was 0 . 51 + 0 . 15 

−0 . 10 h 

−1 Mpc. By
heir second infall, these same groups had a median radius of
 . 32 + 0 . 10 

−0 . 07 h 

−1 Mpc. Similarly, the median mass 8 of these groups,
 

grp 
200 , decreases by a factor of three in this time, from 10 13 . 2 to

0 12 . 7 h 

−1 M �, consistent with the decrease in the number of galaxies.
his is comparable to the results from other previous studies which
ave found that dark matter subhaloes are heavily stripped; Muldrew
t al. ( 2011 ) found that a halo passing through the centre of a cluster
as approximately half of its mass stripped away, and Taylor &
abul ( 2004 ) used semi-analytic models to show that subhaloes on
rbits similar to our groups lose > 40 per cent of their mass with
ach pericentric passage of a cluster. Some studies find even more
xtreme evidence of this removal of dark matter: Smith et al. ( 2016 )
sed hydrodynamical simulations to show that a cluster halo can strip
way ∼80 per cent of the dark matter in galaxy-sized subhaloes. 

.3 The fates of group galaxies 

e can investigate the removal of galaxies from groups further, by
omparing these groups at different stages of their infall and journey
hrough a cluster. As shown in Section 3 , the speed of galaxies relative
o their host group increases before they have reached pericentre of
heir cluster orbit, and their group-centric distance increases post-
ericentre. Therefore, although groups become spatially separated
fter pericentre, it is not clear when the galaxies become unbound
rom these groups. 

For backsplash groups that also have a second infall, their member
alaxies are remo v ed from their host group very quickly. Of those
alaxies that are bound to a group at first cluster infall (i.e. that
atisfy equation 1 ), 60 + 20 

−35 per cent are no longer bound to the group
y the first pericentre, 76 + 24 

−6 per cent are remo v ed by apocentre, and
9 + 11 

−29 per cent by the second infall into the cluster (median and 1 σ
pread for backsplash groups). These numbers are almost identical
or backsplash groups that do not have a second infall. 

For groups that reach apocentre but do not leave the cluster
‘sticky groups’), 75 ± 25 per cent of previously bound galaxies
re no longer group members at pericentre, and 73 + 27 

−33 per cent at
pocentre. Although it appears that the number of unbound galaxies
rops slightly between pericentre and apocentre, this can actually be
xplained by the fact that the radius (and thus mass) of a subhalo
re artificially suppressed in the centre of a large halo, making more
alaxies appear to be unbound. 

Ho we ver, although these galaxies are no longer members of the
roup, this is not necessarily because they have become gravitation-
lly unbound from their host group. In this section, we analyse the
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Figure 6. Status of galaxies that were bound to groups at cluster infall, 
as their host group passes through a cluster and begins its second infall. 
These data are averaged across all groups that become backsplash groups, 
and experience a second infall. All galaxies are bound at first infall, by 
definition. Areas representing galaxies that have become bound, unbound, 
disrupted, or merged with the group halo are labelled. The small, black region 
represents other mergers, which is unlabelled for clarity. Solid/dashed/dot–
dashed/dotted lines show the boundaries between these regions for all groups 
that reach this stage of their orbit, regardless of whether they go on to reach 
apocentre or have a second infall. 
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9 This selection specifically e xamines slow-mo ving galaxies near the group 
centre, as fast-moving galaxies near the group centre exhibit different 
behaviour. We elaborate on this in Section 4.3.1 . 
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nal fates of these galaxies after their group enters a cluster. To do
his, we separate the galaxies’ states into five categories: 

(i) Bound: Galaxy is still bound to its host group, according to 
quation ( 1 ). 

(ii) Unbound: Galaxy does not satisfy equation ( 1 ), and so is no
onger bound to its host group. 

(iii) Disrupted: No descendent of a group member has been found 
y the halo finder, typically because its dark matter halo has been
eavily stripped. 
(iv) Merged with group: Galaxy has been absorbed by the halo of

ts host group, ef fecti vely merging with the brightest group galaxy. 
(v) Other mer ger: Mer ging with another, lar ger object (e.g. mer g-

ng with a more massive satellite g alaxy). Alternatively, g alaxy may
e absorbed by the cluster halo, ef fecti vely merging with the brightest
luster galaxy. 

The ‘disrupted’ galaxies in our sample represent a class of objects 
hat have physical similarities. Ho we ver, because of the nature of the
imulations and tree-builder that we use in this work, the branches of
heir merger trees are cut off prematurely, meaning that they appear 
o have no descendent halo in the simulations and so their final fate
annot be determined. Before their branches end, the dark matter 
asses of these galaxies are changing rapidly – in their final ten 

napshots before they are removed from the merger tree, 76 per cent
f these galaxies experience at least one drop of > 30 per cent in their
alo mass between two snapshots ( ∼0.3 Gyr), and 37 per cent have 
 measured drop of > 40 per cent . Ho we ver, MERGERTREE does not
llow for the dark matter mass of an object to change by more than a
actor of two between snapshots (see Section 2.1.1 for an explanation 
f this). Consequently, if a galaxy’s dark matter halo mass drops by
 50 per cent between snapshots, this change will not be recorded, 

o descendent for the halo will be added to the catalogue, and this
ranch in the merger tree will end. Despite this heavy stripping of
ark matter, very few of the disrupted galaxies violate the mass
imits that are imposed in Section 2.1.1 ; if we remo v e these mass
imits, the median final mass of these galaxies before their merger 
ree ends is log 10 ( M 200 /h 

−1 M �) = 11 . 3 + 0 . 7 
−0 . 6 , with a median stellar

ass of log 10 ( M star /h 

−1 M �) = 10 . 4 + 0 . 5 
−0 . 4 , and a ratio between these

f 0 . 14 + 0 . 12 
−0 . 08 . Consequently, few of these galaxies are remo v ed from

he merger trees due to violating these imposed mass limits. 
Fig. 6 shows the status of group member galaxies as their host

roup passes through a cluster. These data are averaged across all 
roups that become backsplash groups and then have a second cluster 
nfall, meaning that we have data for their entire passage through 
 cluster. Overlaid as solid, dashed, dot–dashed, and dotted lines 
re the boundaries between the coloured regions when all groups 
re included. For example, this indicates the states of galaxies at 
ericentre for all groups that reach their first pericentre, regardless 
f what subsequently happens to the group. Similarly, the apocentre 
ata show the fates of all galaxies in groups at apocentre, whether
r not this apocentre is outside of the cluster. These data closely
ollow the data for groups that have a second infall, showing that
hese second infallers are representative of the entire group sample. 

e therefore only discuss these groups that later have a second infall,
llowing us to make comparisons of the same sample of groups at
ifferent stages of their orbit. 
As stated abo v e, only approximately 40 per cent of group members

re still members of the group at the pericentric passage of the cluster
entre (note that here we use the mean behaviour of each group, as
pposed to the median used earlier on in this section, and so the
uantities differ slightly). However, of the 61 per cent of galaxies 
hat are no longer group members at pericentre, only 45 per cent
ave become unbound from their host group, while 16 per cent 
av e e xperienced one of the other fates described abo v e. As these
roups exit the cluster and re-enter, the number of galaxies becoming
nbound increases slightly (to 53 per cent ); ho we ver, the number of
alaxies leaving the group for another reason doubles, to 32 per cent ,
howing that these other processes are more important after a group’s
nitial infall. 

It is also important to note that these four stages in the group orbit
infall, pericentre, apocentre, and second infall – are not equally 

paced in time. For the groups shown in Fig. 6 (backsplash groups
ith a second infall), pericentre, apocentre, and the second infall 
ccur an average of 0.5 ± 0.2, 2 . 6 + 0 . 4 

−0 . 7 , and 3 . 5 + 1 . 2 
−1 . 0 Gyr after the first

nfall, respectively . Consequently , not only do most of the unbound
alaxies leave the group between infall and pericentre; this process 
akes place in just ∼0.5 Gyr, compared to the ∼2 Gyr between
ericentre and apocentre. We note that these time-scales are redshift- 
ependent: The time for a galaxy entering a cluster to reach pericentre 
t z = 0 can typically range from 1 to 2 Gyr (see fig. B1 in Tollet
t al. 2017 , for further details); ho we ver, the time taken decreases at
igher redshifts. Our method consequently returns an average infall- 
o-pericentre time of < 1 Gyr, because we stack data from groups
t numerous different redshifts (for some additional discussion of 
luster crossing times, see Contreras-Santos et al. 2022 ). 

Fig. 6 represents all group members at infall; ho we ver, Fig. 5
hows that galaxies in different regions of the group phase space
ill experience different processes, and so the likelihood of each 
utcome is not the same for all galaxies in a group. Accordingly, we
lso find that the evolution and fates of group galaxies is strongly
ependent on their position within the phase space of their host group.
igs 7 and 8 show the evolution of members of groups that pass

hrough and re-enter a cluster, in the bottom-left 9 ( r < 0 . 5 R 

grp 
200 and
MNRAS 518, 1316–1334 (2023) 
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Figure 7. Same as Fig. 6 , but for slow-moving galaxies in the centre of 
groups ( r < 0 . 5 R 

grp 
200 and v < 0.5 v cir ). Again, the small ‘other mergers’ 

region is unlabelled for clarity. Galaxies in this region are much more likely 
to become heavily disrupted and have an incomplete merger tree, although 
a substantial fraction merge with the group halo, mostly between pericentre 
and apocentre. 

Figure 8. Same as Fig. 6 , but for galaxies in the outskirts of groups ( r > 

0 . 8 R 

grp 
200 ). The ‘group mergers’ and ‘other mergers’ regions are unlabelled for 

clarity. Galaxies in the outskirts of the groups are highly likely to become 
unbound from their host group, which usually happens between infall and 
pericentric passage. 
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 < 0.5 v cir ) and bottom-right ( r > 0 . 8 R 

grp 
200 ) regions of the phase

pace shown in Fig. 2 . These represent the slow-moving galaxies
eep within the group’s potential well, and loosely bound galaxies
n the group outskirts, respectively. 

Clearly, galaxies in the central (Fig. 7 ) and outer (Fig. 8 ) regions
f a group have vastly different evolutionary histories. Slow-moving
alaxies in the centres of groups almost never become unbound from
he group – instead, the majority of them are disrupted by the time the
roup re-enters the cluster, although a sizeable fraction (17 per cent )
f them merge with the group halo. Dynamical friction likely plays
 role in this, by causing these galaxies to spiral in towards the
roup centre, making them likely to merge with their host group’s
alo. This is in contrast to the outskirts of the groups, where the
ast majority of group members become unbound from the group
lmost immediately after the group enters the cluster, and only a
mall fraction are heavily disrupted. In both cases, the black lines on
NRAS 518, 1316–1334 (2023) 
he figures show that galaxies in other infalling groups experience
imilar evolution, although slightly more galaxies are disrupted in
roups that become backsplash groups. 

.3.1 Galaxy fates across group phase space 

inally, we can take a more general approach to Section 4.3 by
ooking at the phase space of the infalling groups, to determine the
ypical fates of galaxies at the second cluster infall, as a function
f their initial position in this phase space. Fig. 9 shows how
ommon different outcomes are for group members, as a function of
heir relative position and speed at cluster infall; this is in effect a
eneralization of Figs 7 and 8 . For example, in the bottom-left region
f the phase space, there is a high density of ‘disrupted’ galaxies,
howing that galaxies here during infall later became disrupted, in
greement with Fig. 7 . 

The top-left and top-right panels of Fig. 9 show a substantial
ecrease in the number of galaxies that remain bound to a group
utside of r ∼ 0 . 7 R 

grp 
200 from the group centre. This indicates that,

or almost all groups, virtually all galaxies outside of this radius
re remo v ed. Similarly to in Section 3.2 , the tidal stripping of
roups can explain this sharp cut. According to equation ( 10 ), a
idal radius of 0 . 7 R 

grp 
200 corresponds to a group that is approximately

 . 7 R 

clus 
200 from the cluster centre. This distance is the maximum typical

ericentric distance that we find for groups in our sample – almost
ll groups (95 per cent ) have a pericentric passage of r ≤ 0 . 7 R 

clus 
200 .

onsequently, almost all groups will have had a tidal radius of
 t = 0 . 7 R 

grp 
200 at some point in their orbit; ho we ver, not all groups

ill hav e e xperienced a tidal radius less than this. This explains why
ome galaxies remain in the groups within 0 . 7 R 

grp 
200 ; ho we ver, none

emain beyond this distance. 
Generally, only galaxies near to the group centre with high

elocities remain as bound group members. These are on longer,
ccentric orbits – galaxies with lower velocities spend more time
earer the group centre, and so are more likely to merge with the
roup, or to be disrupted. Furthermore, the bottom-left and bottom-
ight regions show that the disrupted galaxies inhabit different parts
f phase space, compared to those that later merge with the group
alo. Disrupted galaxies have large amounts of their dark matter
tripped in a short period of time: For two-thirds of these galaxies,
n the snapshot immediately after they are ‘disrupted’, more than
0 per cent of their dark matter particles appear either in the halo
f their host group or (less often) their host cluster. This disruption
y a larger halo is similar to how galaxy harassment can occur in
lusters (Moore et al. 1996 ). Ho we ver, the galaxies in the centre of
hese disrupted haloes do not immediately become associated with
he group halo – if this were the case, these objects would be tagged
s merging with the group halo, which they are not. This implies that
 tidal disruption is occurring, in which large amounts of material
re remo v ed from the galaxy, forming a substructure in the group
uch as a tidal stream. This substructure will most likely merge with
he group halo at some later time (Moore et al. 1998 ), ef fecti vely

aking this process a merger with the group halo, but o v er a longer
ime period. 

Disruption is more likely for galaxies in the centres of groups that
re slow-moving at the moment of infall, while galaxies with greater
peeds are somewhat more likely to merge with the group halo. One
xplanation for this lies in the left-hand panel of Fig. 4 , showing
re-pericentre groups. Before a group reaches pericentre, galaxies in
he group centre with high speeds mo v e downwards in phase space,
ndicating that their speed is decreasing due to dynamical friction,
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Figure 9. Of the galaxies that are bound to a group at its first infall, each panel shows the fraction of these in each state at the moment of second infall. Phase 
space is defined by the position/speeds of the galaxies at the first infall. Top-left panel shows the fraction of galaxies that remain bound to the group. Top-right 
panel shows the fraction that become unbound from the group. Bottom-left panel shows the fraction that are ‘disrupted’. Bottom-right panel shows the fraction 
that merge with the group halo. Lighter colours represent regions of the phase space with a greater number of galaxies. White regions either represent the 
‘unbound’ region, or regions where the number of galaxies is very low. 
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nd they are slowly spiralling into the group centre where they 
erge. Slow-moving galaxies are instead moving upwards on this 

lot, indicating that they are experiencing strong, accelerating forces 
hat can disrupt their structure. Additionally, high-speed galaxies are 
n radial, eccentric orbits, meaning that they pass the group centre 
nfrequently. In contrast, a low speed and low group-centric distance 
ndicates that a galaxy is on a small, circular orbit, and so will be
ble to make multiple orbits of the group in a short period of time,
roviding more opportunities for heavy stripping by the central group 
alaxy. 

To more clearly show the differences between these classes of 
alaxies (those that are bound to the group, unbound, disrupted, 
r have merged with the group at second infall), we combine the
our panels from Fig. 9 into a single figure, Fig. 10 . The contours
n this show, for galaxies in each class, where in phase space they
ere located at the moment of infall. It is important to note that

ach contour is located at half of the maximum value for that
lass, and so they are not scaled in the same way as some galaxy
ates are more common than others. Consequently, this plot does 
ot show what outcome is most likely for galaxies in each part of
hase space. For example, many more galaxies become unbound 
han remain bound to a group, so those in the top-left region of this
iagram are far more likely to become unbound than remain bound
this is more apparent when we compare the top two panels of

ig. 9 . 
Instead, Fig. 10 allows us to take a single class of galaxies (say,

hose that are disrupted by second infall), and see from where they
riginated (in this case, the low-velocity, inner regions of the group).
ome regions are the source of multiple classes of galaxies, while
ome are the source of only one. F or e xample, group members that
re later either bound or unbound can originate from the low- r , high-
 region of phase space; ho we ver, only unbound galaxies originate
rom the high- r , low- v region. These results from Figs 9 and 10
roadly agree with the findings of Choque-Challapa et al. ( 2019 ),
ho use dark matter-only simulations to study the fates of galaxies

n infalling groups as a function of their position in group phase space.
mong other results, they show that outside of r ∼ 0 . 8 R 

grp 
200 there is

 sharp increase in the fraction of members becoming unbound from
heir host group, and that galaxies lying near to the boundness line
re more likely to be stripped from their groups. 
MNRAS 518, 1316–1334 (2023) 
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Figure 10. Overlay of four panels from Fig. 9 , to aid with comparison of 
different phase space distributions, for galaxies bound to groups at cluster 
infall. One highlighted region is shown for each of the four galaxy fates at 
the time of second infall. These show the region from which each class of 
galaxy most commonly originated – i.e. where were they previously found 
at the moment of first infall. Contour surrounding each region is placed at a 
value equal to half of the maximum, from each panel in Fig. 9 . Grey regions 
either represent areas of phase space that contain few galaxies, or are not 
an important producer of any of these four classes of galaxies. From this, 
it is clear that galaxies in different regions of phase space later experience 
different environments, and different evolutionary processes. 
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.3.2 Observational analogues 

his work focuses on simulations of groups and clusters; ho we ver,
hese simulations can be used to inform and interpret future obser-
ational studies. 

It might appear that this preferential removal of outer group mem-
ers could lead to the formation of very dense, centrally concentrated
roups such as Hickson compact groups (Hickson 1982 ) in and
round clusters. As Fig. 5 shows though, the galaxies that remain
ound to a group do not remain in the same region of phase space.
nstead, the remaining galaxies are redistributed throughout the group
ntil they follow a similar distribution to that shown in Fig. 2 . These
roup remnants are no more centrally concentrated than the infalling
roups. 
Most importantly, Fig. 6 and the top-left panel of Fig. 9 show

hat, of the galaxies that are bound to a group when it approaches
 cluster, almost none are still bound to a group after just a single
rossing of the cluster ( ∼2 Gyr later). Typically, only a very small
umber of galaxies remain in a group, and so the remnant ‘groups’
re usually either single galaxies, or galaxy binaries. Groups with
ve or more members are extremely unlikely to have previously
xperienced a cluster environment; across all of our simulations,
ess than 1 per cent of such groups entering a cluster after z = 0.1
ave previously passed through a cluster. Because of this, galaxy
roups nearby to a cluster (i.e. in the cluster outskirts, just outside
f R 

clus 
200 ) are very unlikely to contain backsplash galaxies, which

ypically make up about 50 per cent of the galaxies surrounding a
luster (Gill et al. 2005 ; Haggar et al. 2020 ). Instead, these groups
epresent a population of galaxies that are unprocessed by their
ost clusters, b ut ha v e e xperienced group effects in their past. This
ay also partly explain why unrelaxed clusters, which contain more
NRAS 518, 1316–1334 (2023) 
ubstructure and hence more galaxy groups, are typically surrounded
y fewer backsplash galaxies than relaxed clusters (Haggar et al.
020 ). 
The fact that galaxy groups observed nearby to clusters are very

ikely to be on their first approach to the cluster has important
mplications for observational studies of galaxy evolution and en-
ironmental pre-processing. Additionally, we can infer greater detail
bout the histories of the galaxies in these groups. For example,
luster galaxies that are currently not in groups are unlikely to have
reviously experienced the dense, central regions of a group, as
alaxies in group centres are much more likely to remain in their
roups. Similarly, galaxies associated with groups inside clusters
ave almost certainly previously passed through the group centre,
ven if they now reside in the group outskirts. This means that they
ill hav e e xperienced the most e xtreme environmental impacts of the
roup. Hester ( 2006 ) showed that, in groups of a similar size to those
sed in this work ( M 

grp 
200 = 10 13 M �), a disc galaxy with a dark matter

ass of 10 11 M � at r = 0 . 75 R 

grp 
200 will have ∼20 per cent of its disc

as remo v ed; ho we ver, if this galaxy passes within r = 0 . 25 R 

grp 
200 of

he group centre, it can lose approximately 90 per cent of its gas.
hey attribute this to the stronger ram pressure stripping that takes
lace in group centres. 

 C O N C L U S I O N S  

n this work we use hydrodynamical simulations to study the
volution of intermediate-sized galaxy groups (5–50 members with
tellar masses M star ≥ 10 9 . 5 M �) in the vicinity of large galaxy
lusters, and specifically from the time after the groups pass within
 200 of the cluster. We begin by studying the positions and speeds
f galaxies relative to their host group in order to characterize how
his ‘phase space’ of the group changes o v er time, before studying
he fates of group members after the passage of their group through
 cluster. Our findings are summarized below. 

(i) On entering a cluster, galaxy groups typically pass within
 . 6 R 

clus 
200 of the cluster centre. Most of these groups remain perma-

ently bound to the cluster, although a small fraction ( ∼10 per cent )
each an apocentric distance outside of the cluster’s radius, R 

clus 
200 . 

(ii) The dynamics of these groups change in two phases. First,
he member galaxies increase their speeds relative to the group
entre, often becoming gravitationally unbound. Then, after the
roup passes the pericentre of its cluster orbit (which typically occurs
fter ∼0.5 Gyr in the cluster), the distances of galaxies from the group
entre increases. 

(iii) The majority of galaxies bound to a group at its first cluster
nfall are no longer in the group after a full passage through the
luster. Many of these galaxies become either unbound from the
roup, heavily stripped, or merge with the brightest group galaxy,
nd the fate of a galaxy depends strongly on its location within the
roup at the infall time. 
(iv) Consequently, the o v erwhelming majority ( > 99 per cent ) of

roups that enter a cluster are doing so for the first time in their
istories. In observations, groups that are seen just outside of a
luster are very unlikely to have previously experienced a cluster
nvironment. 

Although the composition and structure of simulated galaxy
roups is dependent on the physical models that are used, the results
rom this work still allow us to make conclusions about groups
hat can be applied to observational work. Groups that are observed
earby to clusters are almost certainly recent infallers, particularly
roups with low-velocity dispersions, as galaxies in groups become
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ravitationally unbound almost immediately after entering a cluster. 
urthermore, any galaxies that are observed in a group that is inside
 cluster will have previously passed through the group centre, and 
o will be severely stripped by the tidal forces and ram pressure of
heir host group. 

In addition to the approach taken in this paper, which draws 
onclusions on galaxy groups that can be applied observationally, 
ork remains to be done on the dynamics of these groups. In future
ork, we plan to study the dynamics of these groups in greater
etail. F or e xample, the binding energy-angular momentum phase 
pace, and the orbital parameters of galaxies, can tell us about the
nisotropy of group members’ orbits (e.g. Wojtak et al. 2008 ; Lotz
t al. 2019 ), which can in turn be used to describe how virialized is a
roup. In our future work, we will study the time evolution of these
ynamical parameters. 
The work in this paper further strengthens the case that galaxy 

roups provide a unique way to study galaxy evolution, and particu- 
arly pre-processing. As they are almost all first-infallers, groups in 
he outskirts of clusters will have experienced no cluster processing, 
nd will have a very low contamination by backsplash galaxies. 
onsequently, pre-processing effects will dominate o v er an y effects 

rom the cluster in these structures, and so studying these objects in
ore detail will allow us to further disentangle the environmental 

ffects of clusters, and the effects of other cosmic environments. 
rocesses such as gas removal and morphological changes in these 
alaxies will e xclusiv ely hav e occurred pre-infall in groups or cosmic
laments, and so ultimately the properties of galaxies in groups will 
elp inform us of the role that environment plays in driving galaxy
volution. 

C K N OW L E D G E M E N T S  

e thank the referee, Gary Mamon, for his helpful and thorough 
omments, which have helped to improve the quality of this paper. 

This work has been made possible by THE THREE HUNDRED col- 
aboration. 10 This work has received financial support from the Eu- 
opean Union’s Horizon 2020 Research and Innovation programme 
nder the Marie Skłodowska-Curie Actions grant agreement number 
34374, i.e. the LACEGAL project. 11 THE THREE HUNDRED simu- 
ations used in this paper have been performed in the MareNostrum 

upercomputer at the Barcelona Supercomputing Center, thanks to 
PU time granted by the Red Espa ̃ nola de Supercomputaci ́on. 
RH acknowledges support from the Science and Technology 

acilities Council (STFC) through a studentship. He also thanks 
ndrew Benson for useful suggestions relating to the tidal radius of
roups, and Liza Sazonova for extremely helpful discussions relating 
o merger trees. AK is supported by the Ministerio de Ciencia, 
nnov aci ́on y Uni versidades (MICIU/FEDER) under research grant 
GC2018-094975-C21. 
This w ork mak es use of the SCIPY (Virtanen et al. 2020 ), NUMPY

van der Walt, Colbert & Varoquaux 2011 ), MATPLOTLIB (Hunter 
007 ), SYMPY (Meurer et al. 2017 ), and PANDAS (McKinney 2010 )
ackages for PYTHON . 12 

The authors contributed to this paper in the following ways: 
H, UK, MEG, and FRP formed the core team. RH analysed 

he data, produced the plots, and wrote the paper along with UK,
EG, and FRP. AK produced the halo catalogues and merger trees. 
0 ht tps://www.the300-project .org 
1 ht tps://cordis.europa.eu/project /rcn/207630 en.ht ml 
2 https://www.python.org 

H
H
H
H
H

Y supplied THE THREE HUNDRED simulation data. WC assisted 
ith interpreting the time evolution of group members and group 
roperties, particularly in Section 4.3 . All authors had the opportunity 
o comment on the paper. 

ATA  AVAI LABI LI TY  

he data underlying this work have been provided by THE THREE

UNDRED collaboration. The data may be shared on reasonable 
equest to the corresponding author, with the permission of the 
ollaboration. 

EFERENCES  

badi M. G., Moore B., Bower R. G., 1999, MNRAS , 308, 947 
n S.-H., Kim J., Moon J.-S., Yoon S.-J., 2019, ApJ , 887, 59 
rthur J. et al., 2019, MNRAS , 484, 3968 
ah ́e Y. M. et al., 2017, MNRAS , 470, 4186 
ah ́e Y. M. et al., 2019, MNRAS , 485, 2287 
alogh M. L., Morris S. L., Yee H. K. C., Carlberg R. G., Ellingson E., 1999,

ApJ , 527, 54 
alogh M. L., Navarro J. F., Morris S. L., 2000, ApJ , 540, 113 
eck A. M. et al., 2016, MNRAS , 455, 2110 
ehroozi P. S., Loeb A., Wechsler R. H., 2013, J. Cosmol. Astropart. Phys. ,

2013, 019 
ehroozi P. et al., 2015, MNRAS , 454, 3020 
enavides J. A., Sales L. V., Abadi M. G., 2020, MNRAS , 498, 3852 
errier J. C., Stewart K. R., Bullock J. S., Purcell C. W., Barton E. J., Wechsler

R. H., 2009, ApJ , 690, 1292 
ond J. R., Kofman L., Pogosyan D., 1996, Nature , 380, 603 
ryan G. L., Norman M. L., 1998, ApJ , 495, 80 
hoque-Challapa N., Smith R., Candlish G., Peletier R., Shin J., 2019,

MNRAS , 490, 3654 
ohn J. D., 2012, MNRAS , 419, 1017 
ontreras-Santos A. et al., 2022, MNRAS , 511, 2897 
ui W. et al., 2018, MNRAS , 480, 2898 
e Lucia G., Weinmann S., Poggianti B. M., Arag ́on-Salamanca A., Zaritsky

D., 2012, MNRAS , 423, 1277 
ekel A., Devor J., Hetzroni G., 2003, MNRAS , 341, 326 
onnari M. et al., 2021, MNRAS , 500, 4004 
ressler A., 1980, ApJ , 236, 351 
ressler A., Oemler A., Jr, Poggianti B. M., Gladders M. D., Abramson L.,

Vulcani B., 2013, ApJ , 770, 62 
renk C. S., White S. D. M., 2012, Ann. Phys., Lpz. , 524, 507 
higna S., Moore B., Go v ernato F., Lake G., Quinn T., Stadel J., 1998,

MNRAS , 300, 146 
ill S. P. D., Knebe A., Gibson B. K., 2004a, MNRAS , 351, 399 
ill S. P. D., Knebe A., Gibson B. K., Dopita M. A., 2004b, MNRAS , 351,

410 
ill S. P. D., Knebe A., Gibson B. K., 2005, MNRAS , 356, 1327 
onz ́alez-Casado G., Mamon G. A., Salvador-Sol ́e E., 1994, ApJ , 433,

L61 
ouin C., Bonnaire T., Aghanim N., 2021, A&A , 651, A56 
unn J. E., Gott J. R., III, 1972, ApJ , 176, 1 
aggar R., Gray M. E., Pearce F. R., Knebe A., Cui W., Mostoghiu R., Yepes

G., 2020, MNRAS , 492, 6074 
aggar R., Pearce F. R., Gray M. E., Knebe A., Yepes G., 2021, MNRAS ,

502, 1191 
ahn O., Porciani C., Carollo C. M., Dekel A., 2007, MNRAS , 375, 489 
an S., Smith R., Choi H., Cortese L., Catinella B., Contini E., Yi S. K.,

2018, ApJ , 866, 78 
ester J. A., 2006, ApJ , 647, 910 
ickson P., 1982, ApJ , 255, 382 
ubble E. P., 1936, Realm of the Nebulae. Yale Univ. Press, New Haven 
unter J. D., 2007, Comput. Sci. Eng. , 9, 90 
wang H. S., Lee M. G., 2008, ApJ , 676, 218 
MNRAS 518, 1316–1334 (2023) 

https://www.the300-project.org
https://cordis.europa.eu/project/rcn/207630_en.html
https://www.python.org
http://dx.doi.org/10.1046/j.1365-8711.1999.02715.x
http://dx.doi.org/10.3847/1538-4357/ab535f
http://dx.doi.org/10.1093/mnras/stz212
http://dx.doi.org/10.1093/mnras/stx1403
http://dx.doi.org/10.1093/mnras/stz361
http://dx.doi.org/10.1086/308056
http://dx.doi.org/10.1086/309323
http://dx.doi.org/10.1093/mnras/stv2443
http://dx.doi.org/10.1088/1475-7516/2013/06/019
http://dx.doi.org/10.1093/mnras/stv2046
http://dx.doi.org/10.1093/mnras/staa2636
http://dx.doi.org/10.1088/0004-637X/690/2/1292
http://dx.doi.org/10.1038/380603a0
http://dx.doi.org/10.1086/305262
http://dx.doi.org/10.1093/mnras/stz2829
http://dx.doi.org/10.1111/j.1365-2966.2011.19756.x
http://dx.doi.org/10.1093/mnras/stac275
http://dx.doi.org/10.1093/mnras/sty2111
http://dx.doi.org/10.1111/j.1365-2966.2012.20983.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06432.x
http://dx.doi.org/10.1093/mnras/staa3006
http://dx.doi.org/10.1086/157753
http://dx.doi.org/10.1088/0004-637X/770/1/62
http://dx.doi.org/10.1002/andp.201200212
http://dx.doi.org/10.1046/j.1365-8711.1998.01918.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07786.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07913.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08562.x
http://dx.doi.org/10.1086/187548
http://dx.doi.org/10.1051/0004-6361/202140327
http://dx.doi.org/10.1086/151605
http://dx.doi.org/10.1093/mnras/staa273
http://dx.doi.org/10.1093/mnras/stab064
http://dx.doi.org/10.1111/j.1365-2966.2006.11318.x
http://dx.doi.org/10.3847/1538-4357/aadfe2
http://dx.doi.org/10.1086/505614
http://dx.doi.org/10.1086/159838
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1086/528733


1332 R. Ha g gar et al. 

M

J  

J
K
K  

K  

K
K  

K
K
K
K
K
K
K
L
L
L
L
L  

M
M  

M
M
M
M
M  

M
M
M  

M
M  

M
M
M  

N
O
P  

P
Q
R
R
R
S  

S
S  

S

S
T
T  

T
T
v  

v  

V
V  

V
W
W
W
W  

Z
Z

A
G

F  

t  

p  

s  

c  

t  

i
 

m  

s  

r  

t  

t  

t  

F  

g  

a  

t
 

e  

g  

s  

s  

s  

i
 

w  

r  

b  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1316/6747144 by guest on 21 D
ecem

ber 2022
aff ́e Y. L., Smith R., Candlish G. N., Poggianti B. M., Sheen Y.-K., Verheijen
M. A. W., 2015, MNRAS , 448, 1715 

ian H.-Y., Lin L., Chiueh T., 2012, ApJ , 754, 26 
leiner D. et al., 2021, A&A , 648, A32 
lypin A., Gottl ̈ober S., Kravtsov A. V., Khokhlov A. M., 1999, ApJ , 516,

530 
lypin A., Yepes G., Gottl ̈ober S., Prada F., Heß S., 2016, MNRAS , 457,

4340 
nebe A. et al., 2011a, MNRAS , 415, 2293 
nebe A., Libeskind N. I., Doumler T., Yepes G., Gottl ̈ober S., Hoffman Y.,

2011b, MNRAS , 417, L56 
nebe A. et al., 2013, MNRAS , 435, 1618 
nebe A. et al., 2020, MNRAS , 495, 3002 
nollmann S. R., Knebe A., 2009, ApJS , 182, 608 
otecha S. et al., 2022, MNRAS , 512, 926 
raljic K. et al., 2018, MNRAS , 474, 547 
uchner U. et al., 2020, MNRAS , 494, 5473 
uchner U. et al., 2022, MNRAS , 510, 581 
aigle C. et al., 2018, MNRAS , 474, 5437 
arson R. B., Tinsley B. M., Caldwell C. N., 1980, ApJ , 237, 692 
in Y.-T., Mohr J. J., 2004, ApJ , 617, 879 
otz J. M., Jonsson P., Cox T. J., Primack J. R., 2008, MNRAS , 391, 1137 
otz M., Remus R.-S., Dolag K., Biviano A., Burkert A., 2019, MNRAS ,

488, 5370 
cClintock T. et al., 2019, MNRAS , 482, 1352 
cGee S. L., Balogh M. L., Bower R. G., Font A. S., McCarthy I. G., 2009,

MNRAS , 400, 937 
cKinney W., 2010, Proc. 9th Python Sci. Conf., 445, 51 
cNab K. et al., 2021, MNRAS , 508, 157 
aier C. et al., 2016, A&A , 590, A108 
aier C., Ziegler B. L., Haines C. P., Smith G. P., 2019, A&A , 621, A131 
amon G. A., Sanchis T., Salvador-Sol ́e E., Solanes J. M., 2004, A&A , 414,

445 
auduit J. C., Mamon G. A., 2007, A&A , 475, 169 
eurer A. et al., 2017, PeerJ Comput. Sci. , 3, e103 
oore B., Katz N., Lake G., Dressler A., Oemler A., 1996, Nature , 379, 613
oore B., Go v ernato F., Quinn T., Stadel J., Lake G., 1998, ApJ , 499, L5 
oore B., Ghigna S., Go v ernato F., Lake G., Quinn T., Stadel J., Tozzi P.,

1999, ApJ , 524, L19 
ostoghiu R. et al., 2021, MNRAS , 501, 5029 
uldrew S. I., Pearce F. R., Power C., 2011, MNRAS , 410, 2617 
urante G., Monaco P., Giovalli M., Borgani S., Diaferio A., 2010, MNRAS ,

405, 1491 
avarro J. F., Frenk C. S., White S. D. M., 1996, ApJ , 462, 563 
nions J. et al., 2012, MNRAS , 423, 1200 
allero D., G ́omez F. A., Padilla N. D., Torres-Flores S., Demarco R., Cerulo

P., Olave-Rojas D., 2019, MNRAS , 488, 847 
lanck Collaboration XIII, 2016, A&A , 594, A13 
uadri R. F., Williams R. J., Franx M., Hildebrandt H., 2012, ApJ , 744, 88 
asia E. et al., 2015, ApJ , 813, L17 
oberts I. D., Parker L. C., 2017, MNRAS , 467, 3268 
ost A. et al., 2021, MNRAS , 502, 714 
mith R., Choi H., Lee J., Rhee J., Sanchez-Janssen R., Yi S. K., 2016, ApJ ,

833, 109 
pringel V., 2005, MNRAS , 364, 1105 
pringel V., White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS , 328,

726 
risawat C. et al., 2013, MNRAS , 436, 150 
NRAS 518, 1316–1334 (2023) 
tott J. P. et al., 2012, MNRAS , 422, 2213 
aylor J. E., Babul A., 2004, MNRAS , 348, 811 
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PPENDI X  A :  E VO L U T I O N  O F  A  SI NGLE  

A L A X Y  G RO U P  IN  PHASE  SPAC E  

ig. A1 shows an example of one galaxy group entering, passing
hrough, and then re-entering a cluster, as a demonstration of the
rocess discussed throughout this work. The right-hand column
hows the dark matter halo of the cluster, represented by the grey
ircle, and the paths of the galaxies in a group as the group passes
hrough the cluster. The system is rotated so that the path of the group
s in the plane of the page. 

In the left-hand column, the changing position of each group
ember in phase space is shown (i.e. its changing position and

peed relative to the host group). Each line in phase space rep-
esents the path taken by one galaxy through phase space, as
he galaxy has followed the path through the cluster shown in
he right-hand column. Six time-steps are shown altogether, from
op to bottom. The two phases of dynamical evolution shown in
igs 4 and 5 can be seen in the evolving phase space of this
roup, as the galaxies mo v e upwards in phase space as the group
pproaches its pericentric passage, and then from left to right after
his. 

For clarity, schematics are shown in the bottom-right region of
ach panel, similarly to those used in Fig. 5 , to show where the
roup is along its orbit through the cluster. From top to bottom, the
ix time-steps show the group immediately after its first infall, one
napshot after pericentric passage, shortly before exiting the cluster,
hortly after exiting the cluster, at apocentre, and immediately after
ts second cluster infall. 

The right-hand panels show the o v erall behaviour of groups that
e find throughout this work – a relatively compact group of galaxies

emains coherent for a short period after entering a cluster, but then
ecomes heavily disrupted, and the galaxies are separated from each
ther to large distances (shown in the final panel). 
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Figure A1. Phase space evolution of one group as it enters a cluster, passes through, leaves the cluster and then re-enters, showing the initial increase in v, and 
subsequent increase in r , of the member galaxies. Right-hand panels show the cluster halo (large grey circle), and a 2D projection of the paths taken through it 
by the group halo (thick black line) and the galaxies bound to this group at infall (thin coloured lines). Left-hand panels show the corresponding paths taken 
by these galaxies in the phase space diagram used in Section 3 , from infall to the current snapshot. For clarity, the positions of galaxies at infall and at the 
present time are represented by dots and crosses, respectively. Six snapshots are shown altogether, with time increasing from top to bottom. Schematics in the 
bottom-right region of the left-hand panels show where the group is on its cluster orbit – e.g. the fifth time-step shows the group at apocentre. The first and last 
panels are separated by 10 snapshots, co v ering ∼3.2 Gyr between z = 0.25 and z = 0. 
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Figure A1. ( continued ) Evolution in phase space of an example group. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1316/6747144 by guest on 21 D
ecem

ber 2022

art/stac2809_fa1b.eps

	1 INTRODUCTION
	2 SIMULATIONS AND NUMERICAL METHODS
	3 PHASE SPACE EVOLUTION
	4 GROUPS AFTER CLUSTER INFALL
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: EVOLUTION OF A SINGLE GALAXY GROUP IN PHASE SPACE

