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A B S T R A C T 

The connection between galaxies and their dark matter haloes is often described with the stellar-to-halo mass relation (SHMR). 
Satellite galaxies in clusters follow an SHMR distinct from central galaxies because of the environmental processes that they 

are subject to, and the variety of accretion histories leads to an important scatter in this relation. In this work, we use the suite of 
magnetohydrodynamical simulations IllustrisTNG to study the scatter in the satellite galaxy SHMR, and extract the parameters 
that can best allow to understand it. Active galaxies, that represent a very small fraction of cluster galaxies, follow a very different 
relation than their passive counterparts, mainly because they were accreted much more recently. For this latter population, we 
find that the distance to the cluster centre is a good predictor of variations in the SHMR, but some information on the galaxy 

orbital history, such as the distance of closest approach to the host centre, is an even better one, although it is in practice more 
difficult to measure. In addition, we found that galaxy compactness is also correlated with the SHMR, while the host cluster 
properties (mass and concentration, formation redshift, mass and size of BCG) do not play a significant role. We provide accurate 
fitting functions and scaling relations to the scientific community, useful to predict the subhalo mass given a set of observable 
parameters. Finally, we connect the scatter in the SHMR to the physical processes affecting galaxies in clusters, and how they 

impact the different satellite subpopulations. 

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: haloes – cosmology: dark matter – software: simulations. 

1  I N T RO D U C T I O N  

In the standard model of cosmology, the formation of structures is 
driven by the dominant collisionless matter component: the dark 
matter (DM; White & Rees 1978 ; Kauffmann, White & Guiderdoni 
1993 ; Springel 2010 ). Galaxies are therefore believed to condense 
in the potential well of DM haloes that hierarchically merge forming 
larger structures through the cosmic time (White & Frenk 1991 ; 
Tormen 1998 ; Van den Bosch 2002 ; Wechsler et al. 2002 ; Giocoli, 
Tormen & Sheth 2012b ). In this picture, the properties of galaxies 
are expected to be resolutely correlated with (at least) the mass of 
their host haloes. The relation that is most often used to quantify this 
galaxy-halo connection is the so-called stellar-to-halo mass relation 
(SHMR; see Wechsler & Tinker 2018 , for a re vie w on the galaxy–
halo connection). Its shape has been well constrained, using different 
observational probes such as gravitational lensing (e.g. Mandelbaum 

et al. 2006 ; Hudson et al. 2015 ), galaxy clustering combined with 

� E-mail: anna.niemiec@durham.ac.uk 

lensing (e.g. Leauthaud et al. 2012 ; Coupon et al. 2015 ) or galaxy 
group demographics (e.g. Yang et al. 2012 ; Rodr ́ıguez-Puebla et al. 
2015 ), satellite kinematics (e.g. Conroy et al. 2007 ; More et al. 2011 ), 
or combining observations of galaxy properties with DM halo mass 
from N -body simulations (for instance in a process called abundance 
matching, see Behroozi, Conroy & Wechsler 2010 ; Moster et al. 
2010 ; Girelli et al. 2020 ). Ho we ver, the scatter on the relation is still 
far from being fully understood, as different parameters can have an 
impact on this link, such as the star formation rate (SFR) of galaxies 
(Zehavi et al. 2011 ; Rodr ́ıguez-Puebla et al. 2015 ; Mandelbaum 

et al. 2016 ) or their size (Somerville et al. 2018 ; Posti et al. 2019 ; 
Sonnenfeld, Wang & Bahcall 2019 ; Huang et al. 2020 ; Posti & Fall 
2021 ). 

While this relation connects galaxies and their haloes on several 
orders of magnitudes, various physical processes will have an 
impact on it at different scales, from the low-mass regime of 
dwarf galaxies (Read et al. 2017 ) to the extreme of giant galaxy 
clusters (Kravtsov, Vikhlinin & Meshcheryakov 2018 ). The very 
high mass-end presents a particular interest: galaxy clusters are the 
most massive gravitationally bound objects in the Universe (Tinker 
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et al. 2008 ; Despali et al. 2016 ), with very high density of both 
dark and baryonic matter (Ettori et al. 2009 ). In addition, their long 
and complex accretion history bears the imprint of the formation 
of structures on their (baryonic and DM) mass distribution (for a 
re vie w, see Kravtsov & Borgani 2012 ). Constraining the galaxy–
halo connection in this environment is therefore an important probe 
of the nature of DM (Despali et al. 2019 ; Lo v ell et al. 2019b , a ), 
as well as of subtle baryonic processes, that shape the formation of 
structures. There are two possible approaches regarding the galaxy- 
halo connection in clusters: first, it is possible to constrain the 
o v erall mass distribution in clusters, combining different probes 
[such as for example lensing, X-ray, spectroscopy (Sereno et al. 
2013 ; Bergamini et al. 2019 )] to distinguish the contribution from 

the different components (DM, gas, stars), and then connect this 
mass distribution to the underlying accretion history (De Boni et al. 
2016 ) and physical processes (e.g. Richard et al. 2010 ; Jauzac et al. 
2015 ). But another approach that can be considered is to directly 
statistically examine the galaxy-connection for satellite galaxies and 
their host subhaloes, and therefore constrain the active mechanisms 
in the formation of galaxy clusters. 

In this paper, we focus on this second approach. Galaxies are 
influenced by specific interactions while they infall into their host 
cluster-halo: on the baryonic side, interactions in the dense environ- 
ment, such as ram-pressure stripping (Gunn & Gott 1972 ), starva- 
tion/strangulation (Larson, Tinsley & Caldwell 1980 ) or harassment 
(Moore et al. 1996 ; Moore, Lake & Katz 1998 ), will tend to produce 
a population of passive galaxies. At the same time, tidal forces of the 
host can strip subhaloes from part of their DM (Merritt 1983 ; Van 
den Bosch, Tormen & Giocoli 2005 ), while dynamical friction slowly 
make the galaxies sink towards the centre of their hosts (Ostriker & 

Tremaine 1975 ; Binney & Tremaine 2008 ; Nipoti, Giocoli & Despali 
2018 ). Measuring the strength and the impact of these different 
processes can open a window to the understanding of the nature 
of DM (Sirks et al. 2022 ) and the baryonic processes that go v ern 
galaxy evolution. 

A powerful tool to measure observationally the stellar-to-subhalo 
mass relation (SsHMR) for cluster galaxies is gravitational lensing. 
Galaxy–galaxy strong lensing can allow to put strong constraints 
on the subhalo mass of individual g alaxies (Berg amini et al. 2019 ; 
Meneghetti et al. 2020 ), but such events are rare and such measure- 
ments are therefore more sensitive to intrinsic variability. The o v erall 
modelling of matter distribution in clusters includes a contribution 
from cluster members and can therefore be used to constrain subhalo 
masses (Grillo et al. 2015 ), but it can be degenerate with the large- 
scale mass distribution (Limousin et al. 2016 ); and finally, galaxy–
galaxy lensing in the weak regime allows to measure subhalo masses 
o v er stacked samples of galaxies (Sif ́on et al. 2015 ; Li et al. 2016 ; 
Niemiec et al. 2017 ; Sif ́on et al. 2018 ), but it requires large statistical 
data sets and a good understanding of the selection of galaxy samples 
and of the scatter therein. 

In order to interpret observational results and disentangle the 
impact of DM and baryonic processes, it is important to parametrize 
scaling relations and recipes derived from state-of-the-art numerical 
simulation. Indeed, simulations allow to replicate the observed 
Uni verse, gi ven some assumptions on initial conditions and physical 
processes. They represent a privileged tool to follow the evolution 
of galaxies o v er time, and study the different interactions they 
undergo. Linking physical processes implemented in simulations 
with the observ ed Univ erse is not straightforward, but it allows to 
‘de-project’ in time and space the 2D picture of the sky that is 
the basis for all observational analyses. In addition, simulations can 
also allow to impro v e and drive observational studies, for instance 

by revealing new physical parameters that can trace some physical 
interactions. 

While these numerical techniques have allowed to model the grav- 
itational evolution of galaxies, and the large-scale matter distribution 
in the Universe, under the cold DM paradigm for decades (see for 
instance Holmberg 1941 ; Press & Schechter 1974 ; Springel et al. 
2005 ; Klypin, Trujillo-Gomez & Primack 2011 ), the life and evolu- 
tion of the baryonic component of galaxies remains more demanding 
to simulate. Indeed, it depends on many complex physical processes, 
acting on a variety of scales. Two main techniques have been 
developed in the past years: semi-analytical models (hereafter SAMs) 
and full hydrodynamical simulations. SAMs (e.g. White & Frenk 
1991 ; Kauffmann et al. 1993 ; De Lucia & Blaizot 2007 ; Somerville 
et al. 2008 ; Guo et al. 2010 ; Lacey et al. 2016 ) rely principally on DM 

simulation merger-trees, that are then populated with seed galaxies, 
follo wed during v arious merging e vents along the cosmic time. These 
galaxies e volve follo wing analytical prescriptions, moti v ated by 
models derived from a combination of theory and observations. The 
advantage of this approach is that it has relatively low computational 
cost and has pro v en quite successful in reco v ering man y statistical 
properties of galaxies such as the stellar mass function (Guo et al. 
2016 ). Ho we ver, it does not directly account for interactions between 
the baryonic and DM components that can have a non-negligible 
impact, in particular in high-density environments (Dolag et al. 2009 ; 
Bah ́e 2021 ; Haggar et al. 2021 ). On the other hand, hydrodynamical 
simulations (for a re vie w, see Vogelsberger et al. 2020 ) model galaxy 
formation processes by coupling gravity with gas physics, and thus 
reproduce the co-evolution of dark and baryonic matter in a more 
realistic way. Ho we v er, the y remain much more demanding in terms 
of computational power, which still limits their volume: the largest 
hydrodynamical simulation boxes such as IllustrisTNG now reach 
a few 100 Mpc side length, while DM only universes have been 
simulated in boxes of up to a few Gpc size (e.g. the Big MultiDark 
simulation, see Klypin et al. 2016 ). It is important to notice that both 
approaches are constructed and tailored to statistically reproduce 
global observables of galaxies and clusters. 

N -body and hydrodynamic simulations represent a particularly 
interesting tool to quantify the physical processes that influence 
the properties of satellite galaxies, with respect to their central/field 
counterparts. Gravitational interactions, such as tidal stripping by the 
gravitational potential of the host (Van den Bosch et al. 2005 ; Giocoli, 
Tormen & van den Bosch 2008 ), but also by other subhaloes (Knebe 
et al. 2006 ), create a decrease of the subhaloes DM mass that starts 
well outside the virial radius of the cluster (Behroozi et al. 2014 ), and 
represent the main driver in the total subhalo mass evolution. While 
various studies agree that satellite galaxies are mostly quenched 
by the cluster environment, the exact time scales and contributions 
of the different processes (tidal/ram-pressure stripping, harassment, 
strangulation/starvation, etc.) is still to be precisely quantified (e.g 
Wetzel et al. 2013 ; Jaff ́e et al. 2015 ; Lotz et al. 2019 ; Tremmel et al. 
2019 ). As demonstrated in Donnari et al. ( 2021 ), 30 per cent of all 
quenched galaxies in massive groups and clusters at z = 0 were 
already before infall due to internal quenching or interactions within 
smaller groups. Tidal stripping can also affect the stellar component 
of satellite galaxies, but only if most of the DM has already been 
stripped (Smith et al. 2016 ). The combination of these different 
mechanisms leads to a shift in the SHMR measured for satellite 
galaxies in clusters, as compared to the same relation for central/field 
galaxies (Neistein et al. 2011 ; Rodr ́ıguez-Puebla, Drory & Avila- 
Reese 2012 ; Reddick et al. 2013 ; Rodr ́ıguez-Puebla, Avila-Reese & 

Drory 2013 ). Particularly, in Niemiec et al. ( 2019 ) (hereafter ( N19 )), 
we measured this shift, and quantified the contribution of the different 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/6021/6553856 by U
niversity of D

urham
 user on 20 June 2022



Satellite galaxies in the TNG simulation 6023 

MNRAS 512, 6021–6037 (2022) 

process (DM stripping, star formation quenching) to it. Engler et al. 
( 2021 ) led a similar study in the TNG simulation, and found that 
similar processes affect satellite galaxies not only in clusters, but 
also in groups with M 200 ≤ 10 12 M �. Donnari et al. ( 2021 ) analysed 
in details quenching mechanisms for satellite galaxies in groups 
and clusters, and found that low-mass ( M � < 10 10 M �) galaxies 
are mainly quenched by environmental interactions, while more 
massive galaxies are more subject to internal quenching. However, 
the scatter in the SsHMR is quite high (even more than for central 
galaxies, see Rodr ́ıguez-Puebla et al. 2013 ), which shows that not 
all galaxies are affected to the same degree by the different types of 
interactions. Rhee et al. ( 2017 ) showed that considering the position 
of satellite galaxies in a phase-space diagram can help to partly 
understand this scatter. They also demonstrated that interactions 
within groups prior to the infall into the final host cluster, which is 
known as pre-processing (McGee et al. 2009 ; Bah ́e et al. 2013 ; Hou, 
Parker & Harris 2014 ), also affects the stellar and DM components 
of satellite galaxies, contributing to the SsHMR scatter (see also 
Joshi et al. 2019 ). The relatively high scatter in the SsHMR has two 
important consequences: (i) observationally constraining the relation 
with precision can be difficult, and (ii) populating DM subhaloes in 
clusters with galaxies in N-body simulation can be imprecise if only 
using the subhalo mass. 

In this paper, we use the publicly available state-of-the-art mag- 
netohydrodynamical simulation IllustrisTNG (Springel et al. 2018 ; 
Pillepich et al. 2018a ; Naiman et al. 2018 ; Marinacci et al. 2018 ; 
Nelson et al. 2018 ) to further study, model, and interpret the scatter 
in the satellite galaxies SsHMR, and help improving the link between 
observations and simulations. We consider the problem as twofold: 
on one hand, the SsHMR can be considered from an ‘observational’ 
point of view, meaning that given a set of observable parameters 
describing the satellite galaxy population, such as the stellar mass 
or the star-formation rate, it can be useful to predict the subhalo 
mass distribution, and determine which observational parameters 
have the most impact on it, and are therefore most correlated with the 
scatter in the SsHMR. This approach provides a useful comparison 
point for planning and interpreting observational studies. On the 
other hand, the link between observations and simulations can be 
considered from a theoretical point of view, and reducing the scatter 
in the constrained SsHMR can lead to an impro v ed accurac y when 
populating N -body simulation with galaxies, taking into account 
for instance the orbital history of the subhaloes. To complement 
these two approaches, simulations also allow to examine the time 
evolution of subhaloes and their stellar counterpart, therefore linking 
the SsHMR and its scatter to physical mechanisms. 

This paper is structured as follow. In Section 2 , we describe the 
TNG simulation that we use in our analysis, and the cluster/satellite 
galaxy selections that we apply. In Section 3 , we give some 
fitting functions that predict subhalo masses from stellar masses, 
and explore additional observable parameters that can improve the 
prediction. In Section 4 , we investigate the opposite approach, giving 
predictions for galaxy stellar masses as a function of subhalo masses, 
and other parameters that can be typically extracted from simulations, 
such as some proxy for the subhalo orbital history . Finally , we link 
in Section 5 the measured SsHMRs to the physical process that take 
place in clusters, and discuss in Section 6 the main differences that we 
observe with respect to the analysis on Illustris presented in Niemiec 
et al. ( 2019 ) (hereafter N19 ), and the possible impact of numerical 
resolution. 

The cosmology used in this paper is identical to that used in 
the IllustrisTNG simulation, a flat � CDM universe consistent with 
the Planck 2015 results (Planck Collaboration XIII 2016 , �m, 0 = 

0.3089, �� , 0 = 0.6911, �b, 0 = 0.0486, σ 8 = 0.8159, n s = 0.9667, 
and H 0 = 67 . 74 km s −1 ). The notation log() refers to the base 10 
logarithm. 

2  DATA  

2.1 The IllustrisTNG simulations 

IllustrisTNG is a series of cosmological magnetohydrodynamical 
simulations (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 
2018 ; Pillepich et al. 2018a ; Springel et al. 2018 ) that represents an 
upgrade of the original Illustris runs (Genel et al. 2014 ; Vogelsberger 
et al. 2014b , a ). It models the coupled evolution of DM and gas 
dynamics using the quasi-Lagrangian code AREPO (Springel 2010 ). In 
addition to the gravitational interaction and magnetohydrodynamical 
evolution of the gas, it includes a galaxy evolution model with subgrid 
physical processes implemented, such as gas radiative cooling and 
heating, star formation (following a Chabrier Initial stellar Mass 
Function, Chabrier 2003 ) and evolution (and ensuing chemical 
enrichment of the environment), formation, evolution, and feedback 
from supermassive black holes (SMBHs). 

The TNG simulations represent an impro v ement of the pre- 
existing Illustris runs, with some new developments included to 
introduce new physical processes, as well as relieve some tensions 
with observations (such as insufficient quenching of star formation, 
see Nelson et al. 2015 ). In addition to various upgrades in the 
numerical methods and inclusion of magnetohydrodynamics, the 
galaxy evolution model has also been refined, in three main specific 
areas: the growth and feedback of SMBHs, the modelling of galactic 
winds and of stellar evolution and gas enrichment (Pillepich et al. 
2018a ). Particularly, we will examine how this impacts the evolution 
of satellite galaxies in clusters in Section 6.1 . 

Varius runs of the simulations are available, representing different 
simulation volumes and mass resolutions: the reference galaxy 
sample used in this paper is taken from the largest volume – lower 
resolution run, TNG300, in order to obtain a maximal number of rare 
galaxy clusters, with the largest mass range (in TNG300, M 

max 
200 = 

10 15 h 

−1 M � at z = 0). The TNG300 simulation box is ∼300 Mpc 
side length, with DM particle mass m DM 

= 4 × 10 7 h 

−1 M �, average 
gas cell mass m gas = 7 . 5 × 10 6 h 

−1 M � and gravitational softening 
length εDM 

= 1 h 

−1 kpc at z = 0. 
To examine the impact on our results of numerical effects, such 

as potentially unresolved galaxies/unconverged subhaloes, we take 
advantage in some parts of the analysis of the higher resolution 
(b ut lower v olume) simulation run: the TNG100 ( m DM 

= 5 ×
10 6 h 

−1 M �, m gas = 9 . 5 × 10 5 h 

−1 M �, εDM 

= 0 . 5 h 

−1 kpc ). We do 
not extract our fiducial galaxy sample from this simulation run as it 
contains a smaller number of galaxy clusters, and does not contain as 
massive haloes as the TNG300 run ( M 

max 
200 = 2 . 6 × 10 14 h 

−1 M �). In 
addition, for each run, lower resolution versions of the simulation are 
available. For our fiducial sample based on TNG300, we only use the 
most resolved version, TNG300 ≡ TNG300-1, correcting the galaxy 
stellar masses (see Section 2.2 ) using both the most resolved version, 
TNG100-1, and a lower resolution version, TNG100-2 ( m DM 

= 4 ×
10 7 h 

−1 M �, m gas = 7 . 5 × 10 6 h 

−1 M �, εDM 

= 1 h 

−1 kpc ), which 
has the same resolution as the TNG300-1 run. For the rest of the 
analysis, we remind the reader that TNG100 ≡ TNG100-1. 

In this paper, we use the publicly available group catalogue that 
was extracted from the simulation with a friend-of-friend algorithm 

with linking length b = 0.2, as well as the available subhalo/galaxy 
catalogue that was obtained with SUBFIND (Springel et al. 2001 ; 
Dolag et al. 2009 ). We describe in Section 2.2 the associated 
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Table 1. Number of resolved satellite g alaxies, i.e. g alaxies with i.e with 
m � > 10 9 h −1 M �, and size > 2 h −1 kpc located within 2 × R 200 from their 
host centre, with contamination from projection effects ( bottom ) and without 
( top ). The stellar mass ranges are expressed in log ( m � h 

−1 M �). 

m � bin All Active P assiv e % passive 

Within 2 × R 

3D 
200 

All 14820 1704 13116 89 
[9 −9.5] 5676 703 4973 88 
[9.5 −10] 4380 717 3663 85 
[10 −10.5] 3626 262 3364 93 
[10.5 −11] 959 13 946 99 
[11 −11.5] 167 9 158 95 
[11.5 −12] 11 0 11 100 

Within 2 × R 

proj 
200 

All 17228 2882 14346 83 
[9 −9.5] 6613 1250 5363 81 
[9.5 −10] 5140 1204 3936 77 
[10 −10.5] 4170 400 3770 90 
[10.5 −11] 1085 16 1069 99 
[11 −11.5] 204 12 192 94 
[11.5 −12] 15 0 15 100 

quantities that are used in our analysis. To trace the orbital and 
mass evolution of galaxies and subhaloes, we take advantage of 
the available merger trees that were extracted with the SUBLINK 

algorithm (Rodriguez-Gomez et al. 2015 ). 

2.2 Clusters and satellites in TNG 

To study the properties of satellite galaxies in clusters, we first 
select a sample of cluster-like haloes in the TNG300 simulation 
at redshift zero. These are defined following a simple mass selection, 
considering all systems with M 200 > 9 × 10 13 h 

−1 M �, resulting in 
a sample of 177 clusters. The quantities associated with the cluster 
sample discussed in the paper are the total mass, M 200 – enclosing 
200 times the critical density, the corresponding radius, R 200 , the 
cluster position defined as the location of the most bound particle, 
and the stellar mass defined as the stellar mass of the galaxy located 
in the most massive subhalo (i.e. the central galaxy, or bright cluster 
galaxy, BCG). 

The main galaxy sample used in the paper is composed of the 
satellite galaxies of the cluster-like haloes defined abo v e. The way 
SUBFIND stores the information of the galaxy population allows us to 
select them either using the default satellite definition or considering 
all galaxies – central and satellites – that are located within a given 
distance from the host halo centre. The existence of a splashback 
radius (e.g More et al. 2015 ; Baxter et al. 2017 ; Busch & White 
2017 ; Diemer et al. 2017 ) shows that the virial radius does not 
represent a physical boundary of a cluster, so properties of galaxies 
can be affected by the environment beyond this limit as well as 
by variations of the density profile or infall material related to the 
filamentary environment within which clusters live. As shown in N19 
using the Illustris simulation, tidal stripping can affect the subhaloes 
properties starting at ∼2 × R 200 , we therefore chose this value as 
our fiducial boundary for selecting satellite galaxies. In this paper, to 
take into account projection effects as they can affect observations, 
we sometimes select galaxies within 2 × R 200 projected , keeping 
galaxies that are located at ± 5Mpc in the cluster line of sight. For 
instance, at redshift z = 0.2, this corresponds to a redshift uncertainty 
of approximately δz = 0.001. In Table 1 , we report the total number of 
resolved satellites (i.e with m � > 10 9 h 

−1 M �, and size > 2 h 

−1 kpc ) 

at the present time z = 0, according to these two definitions: using 
3D and 2D selection. 

We use different properties and mass definitions for satellite 
galaxies throughout this work, as stored in the SUBFIND catalogue, 
we consider the following: 

(i) m sub : The total mass of a subhalo, defined as the sum of the 
mass of all gravitationally bound particles. 

(ii) m DM 

: the mass of all the gravitationally bound DM particles 
of a subhalo; 

(iii) m � : The stellar mass of a satellite galaxy, defined as the mass 
of the star particles contained in twice the half-light radius of the 
galaxy. 

(iv) m 

corr 
� : Resolution effects have shown to impact the stellar 

mass of galaxies in the TNG simulation (Weinberger et al. 2018 ; 
Pillepich et al. 2018a ). At a given (sub)halo mass, galaxies have a 
lower stellar mass as measured in the less resolved but higher volume 
simulation run TNG300-1, compared to TNG100-1. Following the 
o v erall method described in Pillepich et al. ( 2018b ) and Engler et al. 
( 2021 ) to correct for this effect, we use the low resolution version 
of TNG100-1, TNG100-2, and correct the stellar mass measured in 
TNG300 following equation (A1) from Pillepich et al. ( 2018b ), as 

m 

corr, TNG300 
� ( m sub ) = m 

TNG300 
� ( m sub ) × < m 

TNG100 −1 
� ( m sub ) > 

< m 

TNG100 −2 
� ( m sub ) > 

, (1) 

where < m 

TNG100 −1 
� ( m sub ) > and < m 

TNG100 −2 
� ( m sub ) > are the mean 

stellar masses computed in subhalo mass bins in the TNG100-1 and 
TNG100-2 simulations, respectively, TNG100-2 having the same 
volume as TNG100-1 but same resolution as TNG300. 

(v) m acc : Mass (subhalo or stellar) at the time of accretion, defined 
as the time when the subhalo first enters within 2 × R 200 from the 
host centre. 

(vi) Specific star formation rate (sSFR): Instantaneous SFR, which 
is the sum of the SFR in all the galaxy gas cells, divided by the stellar 
mass. To be consistent with the chosen definition of m � , the sum is 
taken o v er all the cells included within twice the half-light radius. 
As the SFR is not resolved for all galaxies (and then given as zero), 
for the non-resolved galaxies we draw random SFR values between 
10 −4 and 10 −5 M � yr −1 (following for instance Donnari et al. 2021 ). 

(vii) Galaxy size: We use the half-mass radius computed for the 
star particles. 

As the cluster environment can affect the SFR of satellite galaxies, 
and quenched galaxies represent the main population in clusters, 
we study these populations separately in parts of our analysis. We 
therefore split our satellite galaxies into an active and a passive 
sample at z = 0, with the limit sSFR lim 

= 10 −11 yr −1 , which is a 
threshold value typically adopted in the literature for low redshift 
studies (e.g Wetzel et al. 2013 ; Bah ́e & McCarthy 2015 ). We 
note that the SFR of galaxies is also affected by the simulation 
resolution, as demonstrated in Pillepich et al. ( 2018a ). Ho we ver, 
as both the SFRs and stellar masses are affected, the resulting 
sSFRs are only marginally impacted, which we verify by comparing 
sSFRs distributions for galaxies from the TNG100-1 and TNG100-2 
simulation runs. We select active galaxies according to their sSFRs 
as measured in TNG100-2, and compare with the selection when 
correcting the sSFRs to match that of galaxies in TNG100-1, and 
find that only ∼ 1 per cent of galaxies are misclassified, which does 
not affect our results. In Table 1 , we report the number of galaxies in 
each sample. 
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Figure 1. Top panel: SHMR for the satellite galaxies within 2 × R 200 

(projected) of the cluster centre, for all galaxies (black), and active (blue) 
and passive (red) separately. The solid line shows the median relation, and 
the 16th −84th percentiles are shown as the shaded regions. The dashed lines 
show the best-fitting relations. As a comparison, the dotted line shows the 
fit for all the central galaxies of the simulation. Bottom panel: Residual 
distribution for the full, active and passive samples, in black, blue, and red, 
respectively. 

3  O B TA I N I N G  m S U B 

F RO M  m � 

3.1 Full SHMR 

We first look at the SsHMR from an observational point of view , 
i.e. we measure the total mass of subhaloes m sub as a function of the 
satellite galaxy stellar masses m � . In this section, we present fitting 
functions for the median subhalo mass as a function of galaxy stellar 
mass, and for the scatter around this median relation. Given these, 
and defining the median subhalo mass as m 

med 
sub ( m � ) and scatter as 

δm sub , we can obtain the subhalo masses for an (observed) cluster 
given the stellar masses as 

m sub ( m � ) = m 

med 
sub ( m � ) + δm sub , (2) 

where δm sub follows a probability distribution p Msub that we intent to 
constrain. 

We remind the reader that hereafter m � ≡ m 

corr 
� , as described 

in Section 2.2 , and that we select all galaxies located within 
2 × R 

2 D 

200 ( projected ) from the cluster centre, and ±5 Mpc along the 
line of sight. We note that for each cluster we only account for 
one 2D projection. We keep only well-resolved galaxies, i.e. with 
m � > 10 9 h 

−1 M �, and size > 2 h 

−1 kpc . The measured SsHMRs for 
satellite galaxies from TNG300 are shown on the top panel of Fig. 1 
for the whole sample in black, for passive galaxies in red and star- 

forming ones in blue (as defined in Section 2.2 ). The solid lines 
and shaded regions represent the median relations, and enclose the 
16th −84th percentile regions. 

We model the relation considering a double power-law function 
to the SsHMR, as done by Moster, Naab & White ( 2013 ): 

m sub ( m � ) = 2 N 

[ (
m � 

M 1 

)−β

+ 

(
m � 

M 1 

)γ
] 

m � . (3) 

We fit the function for the whole satellite sample, then for the active 
and passive galaxy sample separately, with a Markov Chain Monte 
Carlo (MCMC) method using EMCEE (F oreman-Macke y et al. 2013 ), 
a PYTHON implementation of an af fine inv ariant MCMC ensemble 
sampler. The best-fitting parameters and 68 per cent intervals of 
confidence are given in Table 2 , and the corresponding relations 
are displayed as dashed lines in the top panel of Fig. 1 . For 
comparison, using equation ( 3 ) we model all central galaxies of 
the simulation with M � > 10 9 h 

−1 M �, and show the best-fitting 
relation using dotted curve in the top panel of Fig. 1 . The best-fitting 
parameters for equation ( 3 ) for central galaxies are N 

cent = 6 . 32 + 0 . 06 
−0 . 06 ; 

log M 

cent 
1 = 10 . 73 + 0 . 02 

−0 . 02 ; β
cent = 0 . 58 + 0 . 01 

−0 . 01 ; γ
cent = 0 . 68 + 0 . 03 

−0 . 03 . 
As the scatter around the median/best-fitting relation does not vary 

significantly with stellar mass for the three satellite populations, we 
only parametrize the total scatter around the best-fitting relation. We 
show the residual distributions, log ( m sub ) − log ( m sub ( m � )), in the 
bottom panel of Fig. 1 , and model them with a normal distribution. 
The probability distribution parametrizing the scatter around the best- 
fitting relation, p Msub , is then given as a normal distribution with 
mean m and standard deviation σ . The fitted values for the scatter 
parameters are given in Table 2 . We remind that we only include 
the scatter for galaxies with m � > 10 9 h 

−1 M � and size > 2 h 

−1 kpc , 
considered as the ‘resolved’ sample. We note that for the full and 
passive galaxy samples, the residual distribution may not seem to 
follow a normal distrib ution, b ut this appears to be mostly due to 
the discreetness of the data, as the simulation has a finite resolution. 
We compute the residuals using galaxies from the more resolved 
TNG100 run, and use a KS test to verify that they do follow a 
normal distribution: we find a KS statistic of ∼0.02 for both samples, 
with a p -value of ∼0.6 and ∼0.9 for the full and passive sample, 
respectively. 

The population of active galaxies in clusters follows a distinct 
SsHMR, as they are on a different evolutionary stage in the cluster 
compared to the passive sample. Indeed, on average these galaxies 
have spent less time in the cluster and have therefore not been 
quenched by this dense environment yet: we show on Fig. 2 the 
distribution of redshift of accretion at 2 × R 200 for all (black), 
acti ve (blue), and passi ve (red) galaxies with m � > 10 9 h 

−1 M �. The 
average accretion redshift for active galaxies is <z acc > ∼0.1, while 
for the passive sample it is <z acc > ∼0.7. Due to this, tidal stripping 
has not yet affected their subhaloes as much as their quenched 
counterparts: at a given stellar mass, active galaxies have a higher 
subhalo mass than passive ones, and follow a very similar SHMR to 
central galaxies. In particular, this is interesting because the relation 
is reversed for central/field galaxies (e.g Mandelbaum et al. 2016 ), 
meaning that at given stellar mass, red galaxies tend to have a more 
massive halo than blue ones, which illustrates that different processes 
go v ern the galaxy-halo connection for central and satellite galaxies. 
We note that some galaxies can also be already quenched at their 
time of accretion into the cluster, due to internal processes, or to 
pre-processing in other structures (see Section 5.3 .) 
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Table 2. Best-fitting parameters for the SsHMR median relations and scatter. The top table gives the parameters for m sub = f ( m � ) as described in Section 3 , 
where N sat is the number of satellite galaxies used for each fit, that is with m � > 10 9 h −1 M � and R 

2D 
sat < 2 × R 200 . The fraction of passive satellite galaxies 

within 2 × R 200 projected is 83, 76, and 70 per cent at redshift z = 0, 0.24, and 0.5, respectively. The bottom table gives the parameters for m � = f ( m sub ) as 
described in Section 4 : from top to bottom, best-fitting parameters for the SsHMR m � = f ( m sub ) from equation ( 7 ), m � = f ( m sub , x 

3D 
sat ) from equation ( 9 ) and 

m � = f ( m sub , x min ), and width of the total scatter around these relations. 

(a) 
m sub = f ( m � ) 

z N log M 1 β γ a b m σ N sat % passive 

All 0 2 . 38 + 0 . 11 
−0 . 09 10 . 22 + 0 . 11 

−0 . 12 0 . 65 + 0 . 05 
−0 . 04 0 . 50 + 0 . 10 

−0 . 10 – – 0.01 0.47 17228 83 

0.24 2 . 29 + 0 . 09 
−0 . 08 10 . 73 + 0 . 09 

−0 . 10 0 . 47 + 0 . 03 
−0 . 03 0 . 83 + 0 . 17 

−0 . 16 – – −0.02 0.46 11259 76 

0.5 2 . 20 + 0 . 11 
−0 . 10 10 . 60 + 0 . 13 

−0 . 17 0 . 52 + 0 . 05 
−0 . 04 0 . 66 + 0 . 20 

−0 . 19 – – −0.01 0.46 6965 71 

Active 0 5 . 49 + 3 . 68 
−1 . 54 10 . 34 + 0 . 52 

−0 . 60 0 . 70 + 0 . 15 
−0 . 11 0 . 19 + 0 . 59 

−0 . 29 – – 0.06 0.20 2882 –

0.24 4 . 06 + 0 . 67 
−0 . 51 10 . 74 + 0 . 18 

−0 . 30 0 . 59 0 . 08 
−0 . 05 0 . 60 + 0 . 46 

−0 . 36 – – 0.06 0.28 2666 –

0.5 3 . 60 + 0 . 66 
−0 . 49 10 . 72 + 0 . 19 

−0 . 34 0 . 59 + 0 . 08 
−0 . 06 0 . 56 + 0 . 50 

−0 . 39 – – 0.05 0.29 2050 –

P assiv e 0 2 . 02 + 0 . 09 
−0 . 07 10 . 04 + 0 . 09 

−0 . 10 0 . 72 + 0 . 05 
−0 . 05 0 . 52 + 0 . 08 

−0 . 08 – – 0.01 0.42 14346 –

0.24 1 . 86 + 0 . 08 
−0 . 07 10 . 25 + 0 . 11 

−0 . 13 0 . 61 + 0 . 05 
−0 . 04 0 . 58 + 0 . 12 

−0 . 11 – – −0.02 0.39 8593 –

0.5 1 . 73 + 0 . 14 
−0 . 10 10 . 11 + 0 . 15 

−0 . 17 0 . 69 + 0 . 08 
−0 . 06 0 . 51 + 0 . 14 

−0 . 12 – – −0.02 0.39 4915 –

P assiv e with 
x 2D 

sat 

0 – 10 . 08 + 0 . 11 
−0 . 11 0 . 66 0 . 05 

−0 . 05 0 . 51 + 0 . 09 
−0 . 08 2 . 19 + 0 . 12 

−0 . 11 0 . 77 + 0 . 05 
0 . 05 0.01 0.30 14346 –

0.24 – 10 . 32 + 0 . 12 
−0 . 14 0 . 56 + 0 . 05 

−0 . 04 0 . 60 + 0 . 13 
−0 . 12 2 . 12 + 0 . 14 

−0 . 13 0 . 75 + 0 . 06 
−0 . 05 −0.03 0.31 8593 –

0.5 – 10 . 23 + 0 . 17 
−0 . 20 0 . 60 + 0 . 07 

−0 . 06 0 . 53 + 0 . 16 
−0 . 15 2 . 02 + 0 . 20 

−0 . 18 0 . 76 + 0 . 08 
−0 . 07 −0.02 0.32 4915 –

(b) 
m � = f ( m sub ) 

z N 

′ 
M 1 

′ 
β

′ 
γ

′ 
A c d m σ N sat 

All 0 0 . 056 + 0 . 005 
−0 . 005 11 . 14 + 0 . 09 

−0 . 09 1 . 24 + 0 . 13 
−0 . 11 0 . 35 + 0 . 07 

−0 . 07 – – – 0.01 0.58 19341 

0.24 0 . 042 0 . 005 
−0 . 004 11 . 05 0 . 08 

−0 . 07 1 . 56 0 . 15 
−0 . 14 0 . 24 0 . 07 

−0 . 07 – – – 0.01 0.65 12663 

0.5 0 . 057 0 . 006 
−0 . 006 11 . 30 0 . 10 

−0 . 10 1 . 27 0 . 13 
−0 . 11 0 . 43 0 . 11 

−0 . 10 – – – −0.01 0.66 7775 

With x 3D 
sat 0 0 . 048 + 0 . 004 

−0 . 004 11 . 20 + 0 . 08 
−0 . 07 – 0 . 32 + 0 . 07 

−0 . 07 −1 . 03 + 0 . 04 
−0 . 04 0 . 47 + 0 . 09 

−0 . 08 0 . 76 + 0 . 09 
−0 . 08 0.04 0.45 19341 

0.24 0 . 046 0 . 004 
−0 . 004 11 . 29 0 . 08 

−0 . 08 – 0 . 35 0 . 08 
−0 . 07 −1 . 09 0 . 05 

−0 . 05 0 . 54 0 . 08 
−0 . 07 0 . 63 0 . 08 

−0 . 08 −0.01 0.50 12663 

0.5 0 . 052 0 . 005 
−0 . 005 11 . 44 0 . 10 

−0 . 09 – 0 . 45 0 . 11 
−0 . 10 −1 . 02 0 . 07 

−0 . 07 0 . 51 0 . 08 
−0 . 07 0 . 58 0 . 08 

−0 . 08 −0.01 0.48 7775 

With x min 0 0 . 024 + 0 . 003 
−0 . 002 11 . 08 + 0 . 08 

−0 . 07 – 0 . 12 + 0 . 06 
−0 . 06 −1 . 06 + 0 . 03 

−0 . 03 0 . 55 + 0 . 13 
−0 . 11 0 . 94 + 0 . 08 

−0 . 07 0.01 0.34 19341 

Figure 2. Accretion redshift distribution for all (black), active (blue), and 
passive (red) satellite galaxies. 

To quantify the shift in SHMR between the central and satellite 
galaxy samples, we defined in N19 the stripping factor, τ strip , as 

τstrip ( m � ) = 1 − ¯m sub ( m � ) 

M̄ h ( M � ) 
. (4) 

We measure the stripping factor in stellar mass bins, and ¯m sub ( m � ) 
( M̄ h ( M � )) represent the median subhalo (halo) mass for a bin of 

satellite (central) galaxies with median stellar mass m � ( M � ). This 
definition comes from the fact that the main interaction affecting 
galaxies in clusters (as compared to central or field galaxies) is 
partial stripping of their DM by tidal forces of hosts. Defined 
as it is, the stripping factor does not aim at accounting for all 
physical processes that impact satellite galaxies since their infall; 
it is rather a simple observable, that can be used to quantify 
the difference in evolution for central and satellite galaxies, and 
compare different galaxy samples. P assiv e galaxies are more stripped 
than active galaxies, which is reflected in their stripping factor: 
< τ active 

strip > = 0 . 50 ± 0 . 20 while < τ
passive 
strip > = 0 . 78 ± 0 . 06. For the 

total galaxy population, the shift in the SHMR is driven by the 
passive galaxy population ( <τ all 

strip > = 0 . 78 ± 0 . 06). We present the 
stripping factor as a function of the stellar mass for the full (black), 
active (blue), and passive (red) satellite galaxies in the left-hand panel 
of Fig. 5 . 

We now want to use some additional observable parameters to 
parametrize the SsHMR in order to reduce and regulate the measured 
scatter. As the SsHMR followed by the active galaxy sample has a 
quite low scatter ( σ active = 0.21 versus σ passive = 0.45), we will look at 
the dependence on additional parameters only for the passive galaxy 
SsHMR. 
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3.2 Radial dependence of the SHMR 

To understand and reduce the scatter in the SsHMR, we first look at 
its evolution with the distance to the cluster centre. As galaxies tend 
to fall with time towards the centre of their host due to dynamical 
friction (see for instance Nipoti 2017 ), it can be expected that galaxies 
located closer to the core will have different properties than the ones 
located in the outskirts, as the y hav e been subject to more interactions 
within their surrounding dense environment (e.g Rhee et al. 2017 ; 
Gu et al. 2020 ). 

As mentioned in the previous section, we only focus on the passive 
galaxy sample. To mimic what can be obtained with observations, 
we take into account projection effects: cluster galaxies are selected 
within 2 × R 200 projected (see Section 2.2 ), and the variations of the 
SsHMR are examined with respect to the projected 2D distance to 
the cluster centre. To reduce differences due to the range in cluster 
masses, we normalize the cluster-centric distance by the virial radius 
of the cluster at redshift zero, thus: 

x 2D 
sat ≡ R 

2D 
sat /R 200 . (5) 

We then add a simple linear dependence on x 2D 
sat to equation ( 3 ), 

which gives 

m sub ( m � , x 
2D 
sat ) = 2 

[ (
m � 

M 1 

)−β

+ 

(
m � 

M 1 

)γ
] 

m � × ( ax 2D 
sat + b) , (6) 

and fit the new parameters M 1 , β, γ , a , and b with the EMCEE 

MCMC method. The best-fitting values, along with the 16th–84th 
confidence intervals, are given in Table 2 . We show the measured 
and best-fitting SsHMR in bins of x 2D 

sat in the top panel of Fig. 3 . The 
SsHMR shows a clear evolution with x 2D 

sat : at a given stellar mass, 
galaxies closer to the cluster core live on average in a less massive 
subhalo than galaxies that live in the outskirts. We will examine 
the processes that lead to this effect in Section 5 . We measure the 
stripping factor as defined in equation ( 4 ) in three bins of projected 
cluster-centric distance normalized by R 200 , x 1 = [0.1; 0.5], x 2 = 

[0.5; 1] and x 3 = [1; 2]. The evolution of the stripping factor as a 
function of the stellar mass for the three bins in shown in the left- 
hand panel of Fig. 5 with dashed lines. As expected, galaxies closer to 
the cluster centre have higher stripping factors: τ x1 

strip = 0 . 88 ± 0 . 04, 
τ x2 

strip = 0 . 74 ± 0 . 06 and τ x3 
strip = 0 . 56 ± 0 . 13. 

We also measure the residuals with respect to the best- 
fitting relation for the full passive galaxy sample, log m sub −
log m sub ( m 

corr 
� , x 2D 

sat ), and fit a Gaussian to the distribution. This is 
shown as a solid line in the bottom panel of Fig 3 . Parametrizing the 
SsHMR with x 2D 

sat allows to reduce the scatter: it goes from σ = 0.42 
for the full SsHMR for the passive galaxy sample, to σ = 0.30 for 
the radially dependent SsHMR. 

As described abo v e, we use the projected radial distance in order 
to mimic what is possible in observations, but this can add scatter 
in the radial SsHMR. To test the impact of this projection effect, 
we fit again equation ( 6 ) to the simulated galaxies, but using the 
3D distance, x 3D 

sat , instead of the projected x 2D 
sat . We find M 

3D 
1 = 

10 . 09 + 0 . 12 
−0 . 14 , β

3D = 0 . 65 + 0 . 06 
−0 . 05 , γ

3D = 0 . 47 + 0 . 10 
−0 . 09 , a 

3D = 2 . 19 + 0 . 14 
−0 . 12 and 

b 3D = 0 . 46 + 0 . 05 
−0 . 04 . The shape of the residual distribution is shown with 

dashed line in the bottom panel of Fig. 3 , and the scatter is indeed 
slightly decreased compared to the 2D fit, from σ 2D = 0.30 to σ 3D = 

0.27. Ho we ver, this sho ws that projection ef fects are not the dominant 
cause of the remaining scatter in the radial SsHMR, but rather that 
there is an intrinsic variation in the SsHMR at each distance to the 
cluster centre. 

Figure 3. Top panel: SHMR for the passive satellite galaxies, split in bins 
of projected distance to the cluster centre. The solid line shows the median 
relation, and the 16th–84th percentiles are shown as the shaded regions. The 
dotted line shows the best-fitting relations. Bottom panel: Distribution of 
residuals with respect to the best-fitting function. We fit a Gaussian to the 
distribution, shown as the solid line. Then the dashed line shows the shape of 
the residual distribution considering the 3D distance to the cluster distance in 
equation ( 6 ) instead of the projected distance. 

3.3 Influence of other obser v able parameters 

To better understand the remaining scatter in the radial SsHMR, 
we examine the impact that other observable parameters have on this 
relation. To achieve this, we look at the correlations between residuals 
of the radial SsHMR, � ( log m sub ) = log m sub − log m sub ( m 

corr 
� , x 2D 

sat ), 
and observable parameters that could impact the evolution of sub- 
haloes/satellite galaxies in a cluster. We have already included the 
main parameters related to subhalo evolution, the radial distance to 
cluster centre and the specific SFR (activ e v ersus passiv e). Another 
parameter that could have an impact is the size of the satellite 
galaxies: at a given stellar mass, more extended galaxies could be 
more affected by tidal stripping than more compact ones. At the same 
time, galaxy evolution could depend on the properties of the host 
cluster. The cluster properties that we consider, and that could have 
an impact on the satellite galaxies, are the total cluster mass, M 200 , the 
mass of the BCG normalized by the cluster mass, M � , BCG / M 200 , the 
concentration c 200 , and the time of cluster formation, z form 

, defined 
as the redshift at which the cluster had assembled half of his redshift 
zero mass (concentrations and formation redshifts obtained from 

Anbajagane, Evrard & Farahi 2022 ). 
Fig. 4 shows the correlation between residuals � (log m sub ) and the 

6 parameters described abo v e. Light blue points are the values for 
individual galaxies, and the dashed line is a linear fit to the data points. 
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Figure 4. Residuals � ( log m sub ) = log m sub − log m sub ( m � , x 
2D 
sat ) as a function of (from left to right and top to bottom) the host mass M 200 , the ratio between 

the mass of the BCG and of the host, the host concentration, host formation redshift, size of the host BCG and galaxy size. We show the full distribution of 
residuals as dots, and a linear fit as a line, for satellite galaxies from the TNG300-1 simulation (light blue and dashed line), and TNG100-1 simulation (dark 
blue and solid line). All masses are expressed in h −1 M �. 

There is no significant dependence of the radial SsHMR on any of the 
galaxy cluster properties. Possibly, if there are some variations, they 
can be absorbed by the normalization of the cluster-centric distance 
by the virial radius of the clusters R 200 . The parameter that seems 
to correlate with the radial SsHMR residuals is the size of satellite 
galaxies. It is important to note that this size dependence is a residual 
after taking into account the stellar mass dependence, which means 
that it is more a ‘compactness’ dependence (see Huang et al. 2020 , 
for the impact of galaxy compactness on halo mass in the case of 
central galaxies): at a given stellar mass, a larger galaxy will follow 

a different SsHMR than a smaller one. To check how this galaxy 
compactness impacts the SsHMR, we measure again the stripping 
factor as defined in equation ( 4 ) in three x 2D 

sat bins, but this time, 
within each stellar mass and x 2D 

sat bin, we subdivide galaxies into two 
samples, according to their size (compared to the median size o v er 
the [ m � , x 

2D 
sat ] bin). For each stellar mass and cluster-centric distance, 

smaller galaxies have had a significantly higher stripping factor than 
larger ones. The stripping factor as a function of stellar mass for 
these galaxy samples is shown in the right panel of Fig. 5 , with 
the relation for more compact galaxies shown in dashed lines, and 
for more extended ones shown as solid lines. This can be a direct 
result of the outer-in stripping process (i.e galaxies that end up more 
compact are the ones that have been stripped more), or can come 
from a different evolution of galaxies that are more or less compact 
prior to their accretion into the cluster. We investigate this further in 
Section 5 . 

To verify if there is no effect of the simulation resolution on these 
correlations, we compute the same residuals but for the satellite 
galaxies from TNG100, in which a DM particle is 8 times less 
massive than in TNG300, and gravitational softening length is about 
half compared to TNG300. These residuals are shown for galaxies 

with m � > 10 9 h 

−1 M � and size > 1 h 

−1 kpc , as dark blue dots in 
Fig. 4 , with a linear fit shown as solid line. There is not significant 
bias in the residual distribution computed for the satellite galaxies 
from TNG100. Additionally, we verify that there is no correlation of 
the residuals with the parameters m � and x 2D 

sat , for neither TNG300 
nor TNG100 galaxies. 

3.4 Redshift evolution 

Until now, we focused on galaxy clusters at redshift zero, while 
in most surv e ys, observ ed clusters are at higher redshifts. In this 
section, we check whether there is an evolution of the SsHMR with 
cosmic time, and give a parametrization of the SsHMR for galaxies in 
higher redshift clusters. For this, we perform the same measurement 
as presented in the previous sections, that is the full SsHMR for 
passi ve/acti ve/all galaxies, and the radially dependent SsHMR for 
passive galaxies at redshift z = 0.24 and z = 0.5. 

As cluster galaxies are getting quenched o v er time, we expect to 
have a larger fraction of active galaxies at higher redshift. Indeed, 
we give in Table 2 the fractions of satellites that are quenched. It 
varies from 83 per cent at redshift z = 0 to 76 per cent at z = 0.24, 
and 71 per cent at z = 0.5. There is still a majority of quenched 
galaxies in clusters at that redshift, in agreement with observational 
measurements (Hennig et al. 2017 ). 

We fit equation ( 3 ) to the full, active and passive galaxy samples at 
redshift z = 0.24 and z = 0.5, and equation ( 6 ) to the passive galaxy 
sample. We give the best-fitting parameters, and the 68 per cent con- 
fidence intervals for the different samples in Table 2 . When looking 
at each sample of galaxies individually (active or passive), there 
appears to be no significant time evolution of the best parameters. 
The small changes o v er time in the best-fitting parameters for the 
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Figure 5. Stripping factor as a function of the stellar mass for different galaxy selections. Left-hand panel : For all satellite galaxies from TNG300 with 
m � > 10 9 h −1 M �, and located within 2 × R 200 projected from the cluster centre, and ±5 Mpc along the line of sight, shown as a black curve. The stripping 
factor is also shown for the active (blue) and passive (red) satellite populations. The passive galaxies are further split into bins in projected distance to cluster 
core, where the inner (0 . 1 < R 

2D 
sat /R 200 < 0.5) sample is shown in yellow, the outer (0 . 5 < R 

2D 
sat /R 200 < 1) in orange and the external (1 < R 

2D 
sat /R 200 < 2) in 

brown. Right-hand panel: Stripping factor for the same bins in projected distance to the cluster centre, but further split according to the galaxy sizes at a given 
stellar mass. More compact galaxies (i.e. smaller in size) are shown as dashed lines, and more extended galaxies with solid lines. 

full galaxy population may therefore be attributed to the fluctuation 
of the passive to active galaxy fraction between the different redshift 
considered. 

4  O B TA I N I N G  m � F RO M  m S U B 

4.1 Full subhalo sample 

Conversely, it can be useful to determine the distribution in stellar 
mass of cluster galaxies, given the distribution of their subhalo 
masses, for instance when populating a DM only simulation with 
galaxies. In this section, we give fitting functions for the median 
stellar mass of satellite galaxies as a function of subhalo mass, and 
for the scatter around this median relation. In this case, we select the 
galaxy sample to be complete in subhalo mass, and keep galaxies 
with m sub > 10 10 h 

−1 M � et 0 < R 

3D 
sat /R 200 < 2. 

We first measure the SsHMR for all the selected subhaloes, 
similarly to what is presented in N19 , but updated for TNG300. 
We fit the SHMR function presented in Moster et al. ( 2013 ), which 
is the ‘inverse’ function of the one discussed in Section 3.1 : 

m � ( m sub ) = 2 N 

′ 
[ (

m sub 

M 

′ 
1 

)−β ′ 

+ 

(
m sub 

M 

′ 
1 

)γ ′ ] −1 

m sub . (7) 

Top panel of Fig. 6 presents the measured SsHMR, with the median 
relation shown as a solid black line, and the 16th–84th percentile 
region as a grey shaded area. The best-fitting parameters are given in 
Table 2 , and the corresponding relation is shown as a dashed line. The 
full residual distribution is well fitted by a Gaussian function, with a 
RMS width σ̄ = 0 . 59. Ho we ver, the width of the residual distribution 
has a strong dependence on the subhalo mass m sub , unlike Section 3.1 
when the scatter width was fairly independent of m � . Bottom panel 
of Fig. 6 shows the residual distribution as a function of m sub , and 
the parametrization of the scatter is given as a function of m sub . To 
obtain that, we measure the half-width of the 16th–84th percentile 

region of the residual distribution as a function of m sub , and fit this 
with a second order polynomial: 

σ ( m sub ) = 0 . 11 × m 

2 
sub − 2 . 84 × m sub + 18 . 67 . (8) 

This measurement of the scatter width is shown as a solid black line 
in the bottom panel of Fig. 6 . 

4.2 Dependence on a secondary parameter 

As the scatter in the SsHMR is quite high, especially on the low- 
mass end, we add as in Section 3 an extra parameter in equation ( 7 ). 
The goal is to predict satellite galaxy stellar masses, given some 
parameters that could be for instance extracted from an N -body 
simulation. The easiest parameter to measure is the 3D distance 
between subhaloes and the centre of their host, normalized by 
the virial radius of the host, x 3D 

sat ≡ R 

3D 
sat /R 200 . We therefore first 

add a dependence on x 3D 
sat to the SsHMR in the following way: 

(1) the evolution of the SsHMR normalization with x 3D 
sat does not 

appear linear as in the case of equation ( 6 ), we include a power-law 

dependence on x 3D 
sat ; (2) the slope of the low-mass end power low, β

′ 
, 

also depends linearly on x 3D 
sat . This gives 

m � ( m sub ) = 2 N 

′ 
[ (

m sub 

M 

′ 
1 

)−β ′ 

+ 

(
m sub 

M 

′ 
1 

)γ ′ ] −1 

m sub × x A sat , (9) 

with β ′ = c ∗ x 3D 
sat + d . 

We fit this function to the data and give the best-fitting parameters 
in T able 2 . W e show the SsHMR in bins of x 3D 

sat as solid lines in the 
top middle panel of Fig. 6 , as well as the best-fitting functions in 
the same bins as dashed lines. We measure the scatter around the 
best fitting, and parametrize it again as a function of m sub with a 
second-order polynomial, which gives 

σx sat = 0 . 08 × m 

2 
sub − 2 . 08 × m sub + 13 . 79 . (10) 
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Figure 6. Top panel : ShHMR measured for the satellite galaxies with m sub > 

10 10 h −1 M �. The solid black line represents the median measured relation, 
and the grey shaded region the 16th −84th percentiles. The best-fitting relation 
corresponding to equation ( 7 ) is shown as a dashed line. Middle top panel : 
SsHMR in bins in x 3D 

sat , with solid lines showing the median relations, and 
dashed lines the best-fitting relations according to equation ( 9 ). Bottom middle 
panel : Same but using x min instead of x 3D 

sat . Bottom panel: Residual distribution 
� (log m � ) = log m � − log m � ( m sub ) around the best-fitting relation, with the 
parametrization from equation ( 8 ) shown a red solid line. 

This parametrization of the scatter is shown with orange solid lines 
in the bottom panel of Fig. 6 . Including the cluster-centric distance 
impro v es the prediction of the stellar mass for a given subhalo mass: 
the o v erall scatter is reduced to σ̄x sat = 0 . 45, as compared to the full 
SsHMR scatter σ̄ = 0 . 59. 

To further reduce this scatter, it is necessary to examine parameters 
that can better trace the orbital history of subhaloes within their 
host. Indeed, although the cluster-centric distance at redshift zero is 
correlated with the time of accretion, the degree to which a subhalo 
is stripped (and possibly the degree to which the corresponding 

galaxy is quenched) also depends on the shape of the orbit that 
the subhalo had followed during infall. To take this effect into 
account, we chose as a secondary alternative parameter, the distance 
of minimal approach to the host centre normalized by the host virial 
radius: x min = min ( x 3D 

sat ) tac c → t /R 200 . We include this parameter in 
the SsHMR also following equation ( 9 ) and fit again the parame- 
ters N 

′ , M 

′ 
1 , γ

′ , A, c, d . The best-fitting parameters are given in 
Table 2 , and the SsHMR measured in x min bins is shown as solid 
lines in the bottom middle panel of Fig. 6 along with the best-fitting 
function in the same bins, shown with dashed lines. 

We fit the residuals along the best-fitting relation with a second 
order polynomial, giving an expression for the scatter: 

σx min = 0 . 04 × m 

2 
sub − 0 . 97 × m sub + 6 . 76 , (11) 

which is shown with a solid purple line on the bottom panel of Fig. 6 . 
Using x min instead of x 3D 

sat allows to further reduce the scatter, with 
a total value of ¯σx min = 0 . 34. We chose to present both fits with x 3D 

sat 

and x min , as x 3D 
sat is quite straightforward to obtain from a simulation 

snapshot, while x min requires to have access to not only one snapshot, 
but to the whole merger trees and orbital info of subhaloes. Therefore, 
depending on the application, it can be more useful to parametrize 
the SsHMR as a function of either the cluster-centric distance at 
redshift zero, or the distance of minimum approach. Still, as seen 
in the decrease of scatter when considering x min instead of x 3D 

sat , the 
instantaneous position in the cluster has less impact on the SsHMR 

than the orbital history. 
We note that there appears to be a discrepancy in Fig. 6 between 

the best-fitting function and the measurement at the high-mass end 
for galaxies within the inner most bin (both in terms of x 3D 

sat and 
x min ). Ho we ver, this concerns only a very small number of galaxies: 
there are only 12 (73) galaxies o v er a total of ∼19 000 that have 
m sub > 10 12 h 

−1 M � and x 3D 
sat < 0 . 3 ( x min < 0.3). 

4.3 Redshift evolution 

As in Section 3.4 , we no w gi ve fitting formulae for the SsHMR 

measured at higher redshift, as it can be useful to populate subhaloes 
with galaxies for clusters at earlier times. We follow the same 
procedure as at redshift zero, and fit m � = f ( m sub ) as given in 
equation ( 7 ) for subhaloes/satellite galaxies at redshift z = 0.24 
and z = 0.5. The best-fitting values, along with the o v erall scatter, 
are given in T able 2 . W e note that there is no significant evolution of 
the best-fitting parameters within the studied redshift range. 

We also include the dependence on the cluster-centric distance x 3D 
sat 

as defined in equation ( 9 ). We fit this for galaxies at redshift z = 0.24 
and z = 0.5, and give the best-fitting parameters in Table 2 . Again, 
there is no significant evolution within the considered redshift range. 

5  TIME  E VO L U T I O N  O F  SATELLITES  

PROPERTIES  

5.1 All satellites 

In this section, we examine the processes that lead to the shift 
in SsHMR for satellite galaxies compared to centrals, and are 
responsible for the scatter in the SsHMR. We extract the evolution 
of the different subhalo/satellite galaxy properties from simulation 
merger trees, starting at the time of their first crossing of the accretion 
radius defined here as R acc = 2 × R 200 . We select satellite galaxies 
as in Section 3 , i.e. with m � > 10 9 h 

−1 M � and size > 2 h 

−1 kpc . 
Fig. 7 shows the time evolution of the different subhalo/galaxy 

properties since the time of infall, from top to bottom, respectively: 
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Figure 7. Median evolution of m DM 

/ m acc , m ∗/ m ∗, acc , sSFR, distance to the 
cluster centre normalized by R 200 at accretion, and number of galaxies at each 
time-step (from top to bottom) as a function of time (red line, with the 16th–
84th percentiles shown as red region), and the best-fitting evolution (black 
dashed lines), for satellite galaxies with m � > 10 9 h −1 M � at redshift z = 

0. The gre y v ertical line represents the time at which the mean evolution of 
the cluster-centric distance reaches its first minimum. The dash–dotted lines 
show the evolution when selecting subhaloes with m sub > 10 10 h −1 M � at 
redshift z = 0, and the dotted lines show the same evolution as measured in 
N19 for the Illustris simulation. 

the DM mass of the subhaloes normalized by mass at the time of 
accretion, the stellar mass normalized by mass at accretion, the 
specific SFR, and the distance to the centre of the host normalized 
by R 200 at time of accretion. The red line shows the median evolution 
for all subhaloes, and the shaded area the 16th–84th percentiles. We 
fit the different evolutions, represented as dashed lines. 

The time evolution of satellite properties was the main focus 
of the study presented in N19 , but it was done with the previous 
version of the Illustris simulation. As a comparison, we also show 

the evolution obtained when selecting subhaloes as in N19 with 
m sub > 10 10 h 

−1 M � in dot–dashed lines, and the evolution as mea- 
sured for the Illustris simulation in N19 with dotted lines. We discuss 
the difference between the two simulations in Section 6.1 . 

We focus here on galaxies selected in stellar mass (red solid line 
+ dashed black): in a similar way as in N19 , the main evolution is 
driven by a decrease in the DM subhalo mass due to tidal stripping. 
The DM loss rate is stronger in the phase of first infall. This phase is 
defined as the time between the first crossing of the accretion radius, 
and the time that the median evolution of the cluster-centric distance 
reaches its first minima (i.e. first pericentre in the satellite galaxies 
orbit within the cluster). This first closest approach is shown in Fig. 7 
as a grey bar, and happens at t peri = t acc + 1 . 67 Gyr . 

We fit the following function to the DM mass evolution: 

m DM 

m acc 
( t) = 

{
αdm 

t + c dm 

, if t < t dm 

βdm 

t + c ′ dm 

, if t > t dm 

, 
(12) 

Table 3. Best-fitting parameters of the evolution 
of the DM and stellar masses, as a function of time, 
as shown in Fig. 7 . The fits are performed on the 
median evolution o v er all satellite galaxies (top 
table), and only satellites quenched at z = 0. 

All satellites 

m DM 

m ∗
α − 0.253 ± 0.003 0.042 ± 0.001 
β − 0.076 ± 0.001 − 0.008 ± 0.001 
c 1.025 ± 0.003 1.005 ± 0.001 
t 1.83 ± 0.02 1.83 ± 0.03 

P assiv e satellites 
m DM 

m ∗

α − 0.271 ± 0.004 0.034 ± 0.001 
β − 0.077 ± 0.001 − 0.010 ± 0.001 
c 1.022 ± 0.004 1.008 ± 0.001 
t 1.72 ± 0.35 1.86 ± 0.04 

where αdm 

and βdm 

are the slopes of the evolution, and t dm 

is the time 
of slope change. We give the best-fitting values for the parameters in 
Table 3 . During the phase of first infall, subhaloes lose on average 
∼ 25 per cent of their mass per Gyr, and the mass-loss rate goes 
down to ∼ 7 per cent per Gyr after the first pericentre crossing. We 
note that some galaxies can be stripped of up to 90 per cent of 
their DM mass, but not all galaxies reach this stage. To quantify 
that, we compute the surviving DM mass fraction for subhaloes as 
f DM 

surv = m DM 

( z = 0) /m DM 

( z acc ). Only 10 per cent of subhaloes end 
up with less than 10 per cent of their mass at accretion at z = 0, 
while 51 per cent retain between 10 and 50 per cent of their mass at 
accretion, and 37 per cent between 50 and 100 per cent. 2 per cent 
of subhaloes even continue to gain mass after accretion and end up 
with a higher mass than at accretion, possibly due to mergers (with 
other subhaloes) in the dense cluster environment. 

As for the baryonic component of the galaxies, the median stellar 
mass only increases by ∼ 7 per cent of the mass at accretion during 
the phase of first infall, before star formation is quenched on average. 
After this first phase, the stellar mass even start to decrease. The 
apparent loss in stellar mass is due partly to the low number of 
galaxies that spend the whole time range in the cluster (from t acc 

to t acc + 9 Gyr ). To quantify how much stellar mass is actually lost, 
we compute again the surviving mass fraction, but for the stellar 
component of the galaxies: f � surv = m � ( z = 0) /m � ( z acc ). We find that 
60 per cent of galaxies have a lower stellar mass at redshift z = 0 
than at accretion, but this mass-loss remains lower than for the DM 

component, as 70 per cent of these galaxies lose less than 20 per cent 
of their mass at accretion. We note that the amount of stellar mass- 
loss is dependent on the simulation resolution (see Section 6 ), and 
galaxies in TNG100 end up with lower stellar surviving fractions than 
in TN300, but still much higher than the DM surviving fraction. This 
is consistent with tidal stripping of part of the stars, which happens 
only if a significant amount of DM is initially stripped (Smith et al. 
2016 ): galaxies that have lost stellar mass during infall are the ones 
that lost a higher amount of DM mass ( < f DM 

surv > = 40), compared 
to galaxies that have gained (or conserved) stellar mass ( < f DM 

surv > = 

70). It is important to note that a large fraction of galaxies does not 
experience stripping of their stellar component: if the median stellar 
mass decreases, it is partly due to the fact that we do not follow all 
satellite galaxies during the whole time range, as some spend much 
less than 9 Gyr in the cluster. The bottom panel of Fig. 7 shows the 
number of galaxies at each time-step (relative to the total number), 
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and for instance only half of the satellites at redshift z = 0 spend at 
least ∼ 5 Gyr in the cluster. We also fit equation ( 12 ) to the stellar 
mass evolution, and give the best-fitting parameters in Table 3 . We 
note that the scatter is high for the evolution of the stellar component, 
some galaxies may form star at a high rate during their first infall 
into the cluster (for instance with ram-pressure induced starburst). 

The evolution of the sSFR confirms this scenario: at accretion, 
galaxies are on average still forming stars, and after ∼ 1 . 2 Gyr there 
is a rapid transition, lasting �t ssfr ∼ 0 . 5 Gyr, into a population of 
on average quenched galaxies. Compared to what we measured in 
N19 for the Illustris model, the transition is shorter and starts earlier, 
producing a population of mainly quenched galaxies at the time 
of first pericentre crossing. In Wetzel et al. ( 2013 ), they combined a 
group and cluster catalogue from SDSS DR7 with N -body simulation, 
and find a similar quenching time-scale, �t ssfr < 0 . 8 Gyr , but a much 
longer delay before the transition onset, lasting 2 –4 Gyr . Ho we ver, 
they consider as time of infall the first infall into any groups or 
clusters, therefore taking into account pre-processing into the satellite 
SFR evolution (see Section 5.3 for a discussion of the impact of 
pre-processing in the evolution measured here). As many galaxies 
hav e unresolv ed SFRs and hav e been attributed random values (see 
Section 2.2 ), the median value of the quenched population (after 
transition) may not be completely significant. Instead of giving the 
full parametrization of this evolution, we simply give the time of the 
start of the transition, and the time of the end, t ssfr = 1.25 ± 0.03 Gyr 
and t ′ ssfr = 1 . 71 ± 0 . 11 Gyr. 

As a first step, it is interesting to look at the median evolution of 
these properties, but this does not give much handle on the scatter 
on the observed SsHMR at redshift z = 0, except by the fact that 
not all galaxies experience the full evolution for 9 Gyr (as shown 
in the bottom panel of Fig. 7 ). To better understand how different 
galaxies are affected in different proportions by main mechanisms in 
clusters (tidal stripping of DM, and quenching versus star forming), 
we need to look in more details at the time evolution for different 
galaxy subsamples. 

5.2 Influence of galaxy properties 

We now examine the evolution of different subpopulations of satellite 
galaxies (unlike N19 , where we only looked at the evolution of 
all galaxies together). The time evolution of galaxy properties in 
different subsamples is shown in Fig. 8 . 

We first consider the time evolution of galaxies that are still 
star forming at redshift z = 0 as compared to galaxies that are 
quenched (blue and orange respectively in the left-hand panel of 
Fig. 8 ). Active galaxies represent a small subpopulation at redshift 
z = 0 (18 per cent), so the evolution of passive galaxies drive the 
global evolution. Galaxies that are still active at redshift z = 0 were 
continuously forming star during their time spent in the cluster, 
and present a drastically dif ferent m � e volution than the passive 
population. In addition, these galaxies have been less affected by 
the cluster dense environment, and therefore less subject to tidal 
stripping of the DM component. As for the reasons these galaxies 
were less affected by their host cluster, there are two explanations 
that we can deduce from our measurements: (1) these galaxies have 
spent less time in the cluster environment (see Section 3.1 ), and (2) 
they appear to be on average on a different type of orbits than the 
passive population, with a less rapid infall, and a pericentre further 
from the cluster centre (i.e. larger x min ). 

We then examine the influence of the stellar mass at the time 
of accretion on galaxy evolution (middle left panel of Fig. 8 ). As 
could be expected, higher mass galaxies infall deeper into the centre 

of their host due to dynamical friction, and therefore lose a higher 
fraction of their mass. More massive galaxies are quenched faster, 
and the most massive ones are already quenched when they start 
their infall. Indeed, most massive galaxies are prone to quenching by 
AGN feedback (i.e. intrinsic quenching) rather than by interactions 
with the environment (see for instance Donnari et al. 2021 ). 

We also look at the impact of the host halo mass on galaxy 
e volution as sho wn in the middle panel of Fig. 8 . As cluster size is ab- 
sorbed into the cluster-centric distance definition ( x 3D 

sat ≡ R 

3D 
sat /R 200 ), 

there is no impact on the orbital evolution. More interestingly, the 
amount of DM mass-loss does not appear to be affected by the 
mass of the host halo. This could seem counter-intuitive at a first 
glance, as for a subhalo at a given distance x 3D 

sat from its host 
cluster, tidal forces are proportional to the cluster mass enclosed 
within the distance x 3D 

sat : more massive haloes are denser in the core, 
and should therefore e x ert stronger tidal forces, and lead to higher 
amount of stripping. This picture ho we ver omits the fact that subhalo 
orbits also scale with the host cluster masses, and when looking 
at absolute distances , subhaloes infall closer to the centre of less 
massive hosts. The self-similarity in subhalo orbits when scaled by 
R 200 , and in the resulting DM loss, is still an important feature to 
note. Engler et al. ( 2021 ) showed that in the TNG simulation, this 
can be extrapolated to subhaloes residing in lower mass groups (with 
M 200 > 10 12 M �), that exhibit the same amount of DM mass-loss as 
subhaloes residing in clusters. Ho we ver, for the baryonic component, 
galaxies located in higher mass clusters are quenched faster. Using 
a simple analytical model, Hester ( 2006 ) showed that the amount 
of ram-pressure stripping of the gas contained in a satellite galaxy’s 
outer H1 disc and hot galactic halo depends on the ratio between 
the satellite and the host total mass; as the stellar mass distribution 
of galaxies residing in the low- and high-mass cluster bins does not 
present significant differences, this model would predict a different 
amount of stripping in both samples, potentially resulting in different 
star formation evolutions. In addition, part of the difference could 
be explained by the larger amount of pre-processed galaxies in more 
massive clusters in the TNG simulation, as shown in Donnari et al. 
( 2021 ). This is consistent with a picture where the subhalo mass 
function does not depend on the host halo mass, while more massive 
clusters contain a higher fraction of quenched galaxies. 

Finally, we examine the impact of the galaxy ‘compactness’ on its 
evolution, as this parameter has shown to have an influence on the 
SsHMR (see Section 3.3 ). For this, we measure the median galaxy 
size in galaxy stellar mass bins, and define the large (small) galaxy 
sample as having their size larger (smaller) than the median size in 
their stellar mass bin. The two galaxy samples appear to have very 
dif ferent e volutions (middle right panel of Fig. 8 ): more compact 
galaxies infall deeper into their host, and therefore lose a higher 
fraction of their DM mass and get quenched faster. To verify if this 
difference in size is simply a result of two galaxy populations that 
happen to be on different orbits and therefore are differently affected 
by the cluster, which in turns results in different sizes at redshift 
z = 0, or if the compactness of galaxies at accretion sets them on 
dif ferent e volutionary paths, we measure again the time evolution 
but splitting galaxies with respect to their size at accretion . These 
evolutions are shown in the same panel of Fig. 8 with dash–dotted 
lines. When selecting galaxies on their size at accretion (instead 
of size at redshift 0), trends in evolution of stellar mass (or sSFR) 
are the same, but amplified: more compact galaxies appear to be 
quenched faster, and, on average, do not form stars during their 
infall, while extended galaxies are less easily quenched. What is 
even more interesting is that the evolution of the DM component 
shows an opposite trend: galaxies that are more compact at accretion 
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Figure 8. Median evolution of m sub / m acc ( top panel ), m ∗/ m ∗, acc ( top middle panel ), sSFR ( bottom middle panel ), and x 3D 
sat ( bottom panel ), as a function of time. 

The different subpopulation of galaxies that are considered are passive versus active at z = 0 ( left-hand panel ), bins in m � , acc ( middle left-hand panel ), high 
versus low host cluster mass ( middle panel ), galaxy size at given stellar mass ( middle right-hand panel ), and pre-processed or not galaxies ( right-hand panel ). 

are less prone to tidal stripping than extended ones, while at the 
same time having very similar median orbital histories. This could 
be explained if the concentration of galaxies is correlated with the 
concentration of their host subhaloes at accretion. Then, at a given 
orbit and a giv en mass, e xtended subhaloes would be more easily 
stripped than more concentrated ones. 

These two evolutionary paths (with respect to galaxy size at 
accretion or at redshift z = 0) give a more complete picture of the 
impact of galaxy compactness. Galaxy concentration at accretion, 
which is not an observable in real data sets, partly drives the co- 
evolution of galaxies and their subhaloes. On the other hand, galaxy 
compactness at redshift z = 0, which can potentially be measured in 
observational data, results from both the compactness at accretion but 
also from the impact of stellar stripping during infall. It is therefore 
a parameter to consider, and study in more details when trying to 
measure a tidal stripping signal in observational analyses, for instance 
using gravitational lensing. 

5.3 Influence of pr e-pr ocessing 

A significant fraction of galaxies that fall into a cluster were already 
satellites in smaller groups before, and were therefore subjected to 
previous environmental interactions that modified their properties, 
which is known as pre-processing (McGee et al. 2009 ; Bah ́e et al. 
2013 ; Hou et al. 2014 ). In the TNG simulation, ∼ 30 per cent 
of cluster satellites were already quenched before their accretion 
into their redshift 0 host, and for low-mass galaxies this can be 
mainly attributed to pre-processing in groups with mass higher than 
10 12 M �, as shown in Donnari et al. ( 2021 ). Here, we consider the 
impact of pre-processing on the co-evolution of satellite dark and 

baryonic matter, and chose a definition of pre-processed galaxies 
that does not rely on their merger history: we consider a galaxy 
as being pre-processed if its mass has been gravitationally affected 
prior to its infall into its redshift 0 host. Indeed, central galaxies 
are expected to increase their total mass over time, by continuous 
matter accretion and by mergers. On the other hand, halo mass-loss 
is mostly due to gravitational interaction with other (sub)haloes, 
such as stripping by tidal forces. A subhalo therefore reaches its 
maximum mass, m 

peak 
sub , at the transition between the accreting and 

mass-loss phases of this evolution, and this maximum mass has been 
shown to correlate well with satellite galaxy properties (e.g. Reddick 
et al. 2013 ). Following this logic, we define pre-processed galaxies 
as the ones having reached their maximal subhalo mass before their 
accretion into their host cluster , and that have therefore started losing 
mass before being satellites of their current host, for instance by 
tidal stripping in groups (Joshi et al. 2019 ). We chose as threshold 
�t = m 

peak 
sub − m 

acc 
sub = 1 Gyr . 

The right-hand panel of Fig. 8 shows the time evolution of 
pre-processed ( blue ) and not pre-processed ( orange ) galaxies. Pre- 
processed galaxies lose a smaller fraction of their subhalo mass 
during their accretion into the cluster. A possible explanation for that 
is that these galaxies have already been stripped of the outskirts mass 
during their interaction within their previous host, and therefore the 
remaining mass is more gravitationally bound. 

Also, the evolution of the stellar mass for these two population is 
sensibly different: as could be expected, pre-processed galaxies have 
been quenched during their former interaction, and thus do not form 

any new stars during their infall into the cluster on average, while not 
pre-processed galaxies continue to form star during their first infall, 
leading to a median increase of 20 per cent of their stellar mass. This 
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shows that the time of maximum mass is a good proxy for the time of 
quenching. We note that although galaxies can lose part of their DM 

and have their star formation stopped due to pre-processing, there 
is (almost) no stripping of the stellar component during this phase: 
85 per cent of pre-processed galaxies have a larger stellar mass at 
accretion than at the time of maximum subhalo mass. The different 
evolution in stellar and DM masses for these two samples of galaxies 
shows that pre-processing plays a big part in the SsHMR scatter. 
Rhee et al. ( 2017 ) reached similar conclusions; ho we ver, this is not 
an easy parameter to derive from observations. 

6  DISCUSSION  

6.1 Differences between Illustris versions 

The TNG simulation has brought impro v ement in the modelling 
of some key physical processes compared to the initial Illustris 
simulation in order to better reproduce a large variety of observables 
in the Universe. Therefore, checking how the Illustris model for 
the satellite/subhalo evolution compares to TNG can lead to some 
understandings on how and which baryonic processes drive the 
property distribution of cluster galaxies. To make that comparison, 
we measure again the time evolution of satellite galaxy properties, 
but this time by applying the same selection criteria as in N19 , 
i.e. keeping galaxies with m sub > 10 10 h 

−1 M �. This selection is the 
same as in Section 4 . We show in Fig. 7 this evolution measured 
in TNG with dot–dashed lines, and the one measured in Illustris by 
N19 with dotted lines. 

The most dramatic difference between satellite galaxies evolution 
in TNG versus Illustris is that of the stellar mass: in Illustris, galaxies 
continue on average to form stars during more than 2 Gyr after 
accretion, leading to an average increase of 20 per cent of their mass at 
accretion. In TNG, on the contrary, when applying the same selection 
as by N19 , the stellar mass evolution is flat. Even if a fraction of 
galaxies continue to form stars after accretion or even experience a 
starburst episode induces by ram-pressure or tidal interactions (Lotz 
et al. 2019 ), the median evolution of the stellar mass o v er the whole 
galaxy sample does not show any increase. There are two possible 
explanations to this difference: either the different implementations 
of galaxy evolution models lead to a different strength of quenching 
mechanisms in the clusters , or different processes affect the star 
formation of galaxies before they are accreted (some mixture of both 
is also possible). 

To quantify the contribution of in-cluster quenching versus pre- 
cluster quenching in both versions of the simulation, we compute the 
fraction of galaxies that are quenched at their time of infall and at 
redshift z = 0, for both the Illustris-1 and TNG300 simulations. 
At the time of accretion at 2 × R 200 , 52 per cent of galaxies 
with m sub > 10 10 h 

−1 M � are still forming stars in the Illustris-1 
simulation, while only 40 per cent in the TNG simulation. This can be 
due in part to the new implementation of AGN feedback that has been 
shown to quench more galaxies in haloes with masses in the range of 
10 12 − 10 14 M � than in Illustris (Weinberger et al. 2018 ). Overall, the 
new implementation of galactic winds has shown to reduce the star 
formation rates and thus stellar masses of galaxies at all mass scales 
(Pillepich et al. 2018a ). Ho we ver, at redshift z = 0, the difference 
in quenched ratios is even more dramatic: ∼ 30 per cent of galaxies 
included in the N19 sample are still forming stars, compared to only 
6 per cent of satellite galaxies with m sub > 10 10 h 

−1 M � in TNG300. 
Even if part of this difference is due to the o v erall shift in the SFR 

between galaxies in Illustris and in TNG, this could still suggest that 
the different implementations specifically impact some quenching 

processes that happen in clusters. Donnari et al. ( 2021 ) suggests that 
low-mass satellite galaxies are less prone to ram-pressure stripping in 
Illustris than in TNG, as stellar feedback causes them to have a higher 
gas content (Pillepich et al. 2018a ; Diemer et al. 2019 ), while groups 
are more deprived of their gas because of the strongly ejective AGN 

feedback implemented in Illustris (Pillepich et al. 2018a ; Terrazas 
et al. 2020 ). 

The second difference between the evolution in Illustris versus 
TNG concerns the amount of DM stripping, which appears more 
important in TNG than in Illustris. This can be considered surprising 
as tidal stripping is a purely gravitational interaction, and therefore 
should not depend on the implementation of subgrid baryonic 
processes. One possible explanation would be that the sample we 
consider here contains more massive clusters in Illustris (in N19 
only three clusters with masses log ( M 200 /h 

−1 M �) ∼ 14 . 2), but 
the evolution measured in M 200 bins in Section 5.2 did not show 

any difference for stripping in more or less massive clusters. We 
also verify that this is not due to resolution differences between 
TNG300-1 and Illustris-1, by measuring the time evolution of 
satellite properties in TNG100, which showed an amount of stripping 
consistent with what is found in TNG300. One possible explanation 
for this is that galaxies have been shown to have higher stellar-to-halo 
mass fractions in Illustris compared to TNG. If there is more (stellar) 
mass in the centre of the subhalo, it can make the gravitational 
potential stronger or more concentrated, therefore making stripping 
harder. This is a good example of how baryonic processes can actually 
impact the distribution of dark matter (see also Duffy et al. 2010 ; 
Sorini et al. 2021 ). Although there does not seem to be any strong 
differences between the galaxy samples in Illustris and TNG, it is 
also possible that the difference in stripping could be resulting from 

the small cluster sample considered in the Illustris analysis presented 
in N19 (only three haloes with M 200 > 10 14 h 

−1 M �). 

6.2 Numerical effects 

Numerical effects are a possible source of imprecision in results 
derived from numerical simulations. For instance, it has been shown 
(Pillepich et al. 2018a ; Weinberger et al. 2018 ) that in TNG, the stellar 
mass of galaxies is impacted by the resolution of the simulation: at 
a given halo mass, stellar mass is higher in more resolved runs of 
the simulation than in less resolved ones. This is what moti v ates the 
stellar mass correction that we applied as described in Section 2.2 , 
following prescriptions described for in instance in Pillepich et al. 
( 2018b ) and Engler et al. ( 2021 ). We note that some studies such 
as Engler et al. ( 2021 ) apply a further correction to obtain masses 
in agreement with the most resolved run TNG50. We do not apply 
this second correction as TNG50 does not contain clusters massive 
enough to extract satellite galaxies that correspond to the ones 
we study here. The stellar masses that we give can therefore be 
underestimated compared to a more resolved simulation run. 

In addition to stellar masses, it is possible that resolution affects 
the physical processes that create the shift (and the scatter) in the 
SsHMR as compared to the one for central galaxies. To verify this, 
it is not enough to examine the difference in the SsHMR (or the 
stripping factors) between the TNG300 and the TNG100 runs, as 
all differences would be absorbed in the m � | m sub correction. We 
will thus directly compare the time evolution of the different galaxy 
parameters, as extracted from TNG300 versus TNG100 runs. To 
quantify this, we compute again the surviving mass fractions for 
subhaloes, defined as in Section 5.1 , f surv = m DM 

( z = 0)/ m DM 

( z acc ). 
At first glance, there does not seems to be a strong impact of the 
resolution on the amount of DM stripping, as the distributions of 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/6021/6553856 by U
niversity of D

urham
 user on 20 June 2022



Satellite galaxies in the TNG simulation 6035 

MNRAS 512, 6021–6037 (2022) 

f surv between the two simulations are very similar: 61 per cent and 
64 per cent of the considered subhalo sample in the TNG300 and 
TNG100 runs, respectively, end up with less than half of their mass 
at accretion at redshift z = 0. Ho we ver, the dif ferences between the 
two runs are mainly apparent for the most stripped galaxies in the 
samples: In TNG300, 10 per cent of the sample has a surviving mass 
fraction of less than 10 per cent, while it reaches 17 per cent of the 
sample in TNG100. This may be due to the artificial disruption of 
some heavily stripped subhaloes. 

As for the baryonic component, the difference between the two 
runs is more striking, and not only quantitative but also qualitative. 
In TNG300, galaxies that lose matter during accretion represent 
60 per cent of the sample, and are therefore only slightly dominant 
as compared to galaxies who have gained mass (forming stars for 
at least part of their accretion). On the contrary, in TNG100, a vast 
majority of galaxies (84 per cent) end up with lower stellar mas than 
at accretion. The f � surv distributions are very different in the two runs 
of the simulation, with a peak at f � surv ∼ 0 . 97 and ∼0.75 in TNG300 
and TNG100 respectively. 

Finally, we check if the resolution affects the scatter in the SsHMR. 
We measure the residuals log ( m sub ) − log ( m sub ( m � )), with respect 
to equation ( 3 ), but for the satellite galaxies taken from the more 
resolved TNG100 run. We found the mean of the residual distribution 
to be consistent with 0, but the scatter to be slightly lower than in 
TNG300 for the full and the passive galaxy samples ( σ TNG100 

all = 0 . 46 
and σ TNG100 

passive = 0 . 42). Ho we ver, this does not gi ve much indication 
on the impact of resolution on the scatter, as the smaller box 
size of the TNG100 run gives a limited coverage of the cluster 
parameter space compared to TNG300. We therefore measure again 
the residual distribution using satellite galaxies from the TNG100-2 
run. As described in Section 2 , this run has the same box size as 
TNG100, but the same resolution as TNG300. We found that the 
width of the residual distribution is sensibly the same in TNG100-2 ( 
σ TNG100 −2 

all = 0 . 45 and σ TNG100 −2 
passive = 0 . 43) as in TNG100, indicating 

that the resolution does not have a significant impact on the SsHMR 

scatter, given the cuts we have applied on our galaxy selection. We 
further verify that adding a dependence on the cluster-centric radius 
x sat as described in Section 3.2 reduces the scatter in a similar way 
for satellites in the TNG100 and TNG100-2 runs. 

7  C O N C L U S I O N S  

In this paper, we scrutinize the stellar-to-subhalo mass relation 
(SsHMR) for cluster galaxies in the TNG300 simulation, paying 
a special attention to the scatter in this relation, and the physical 
parameters than can be used to better understand and constrain this 
scatter. We analyse the SsHMR and its scatter in two complementary 
ways: on one hand the ‘observational’ point of view, when we want to 
predict the subhalo mass of cluster galaxies given their stellar mass, 
and other observable parameters. In this, we find that star forming and 
passi ve galaxies follo w distinct SsHMRs, and the (large) scatter in 
the passive SsHMR is correlated with the projected 2D distance to the 
centre of the host cluster. We also find that the galaxy ‘compactness’, 
defined as the galaxy size at a given stellar mass, also helps to predict 
subhalo masses, when also considering the stellar mass and cluster- 
centric distance. We give in Section 3 convenient fitting functions to 
predict subhalo masses (median + scatter) as a function of either the 
stellar mass alone, or the stellar mass + cluster-centric distance, at 
redshift z = 0, 0.24, and 0.5, respectively. 

On the other hand, we consider the SsHMR from the ‘simulation’ 
point of view, meaning that we give predictions for the stellar mass 
at a given subhalo mass, and consider additional parameters that 

can be extracted from simulations (as opposed to data observables). 
We find that the scatter in the SsHMR is well correlated with the 
3D distances to the host centres, but also that the orbital history 
of subhaloes is an even better predictor of the SsHMR than the 
instantaneous cluster-centric distance. Using for instance x min , the 
subhalo distance of closest approach to the host centre during its 
accretion history, allows to further reduce the scatter in the predicted 
satellite stellar mass distribution. We also give fitting functions for 
the stellar mass as a function of either only the subhalo mass, the 
subhalo mass and cluster-centric radius, and the subhalo mass and 
distance of closest approach. 

Finally, we examine in detail the time co-evolution of the DM 

and stellar components of satellite galaxies, since their time of first 
accretion within 2 × R 200 . We find that, as in N19 , the evolution is 
dominated by the tidal stripping of DM subhaloes. Ho we ver, the ne w 

implementation of subgrid physics in TNG with respect to Illustris 
yields some modifications in the evolution of galaxies during their 
infall into their host clusters: (i) galaxies form on average less stars 
during infall in TNG, which is probably due to the new galactic wind 
implementation (Pillepich et al. 2018a ); (ii) at the same time, tidal 
forces appear to be more efficient at stripping DM in TNG, which 
could be a selection effect due to the low statistics in Illustris, but 
could also underline the importance of baryon processes at the heart 
of DM subhaloes, and the necessity to properly account for the joint 
evolution of baryons and DM. 

We also examine the impact of different galaxy properties on the 
stellar and DM mass evolution to better understand the mechanisms 
that drive these evolutions, and potentially generate the scatter in the 
SsHMR. We show that stellar mass at accretion influences the amount 
of star formation and stripping during infall, more massive galaxies 
being more prone to intrinsic quenching, and having a deeper infall 
towards the cluster centre, leading to an increase in stripping. The 
galaxy compactness at accretion also plays a part in determining the 
evolutionary path of galaxies, and in a way that is independent of 
the orbital history: more extended galaxies are subject to a larger 
amount of stripping, but also form more stars in the first stage 
of their infall. Conversely, the galaxy compactness as measured at 
redshift z = 0, appears to be a good indicator of the orbital history of 
g alaxies, more compact g alaxies having a deeper infall, and therefore 
a larger loss of DM. Finally, we examine the role of pre-processing: 
we define pre-processed galaxies as the ones having reached their 
maximal subhalo mass prior to the start of their infall (we chose of 
conserv ati ve threshold of 1 Gyr), and found that although this is a 
purely gravitational definition of pre-processing, it correlates well 
with the in-cluster versus pre-cluster quenching of the galaxies. 

In this paper, we conducted an analysis based on measurables 
(mass, star-formation rate, etc.) that are directly taken from the 
publicly available TNG simulation catalogues, extracted with friend- 
of-friend and SUBFIND algorithms. Although these quantities allow 

to gain some insights in the physical processes that lead to the 
observable properties of cluster galaxies, they are not necessarily 
completely equi v alent to what can be observed. This is beyond the 
scope of this study, but we plan in a further analysis to connect 
the physical processes constrained here with more observationally 
measurable properties of satellite galaxies, such as their DM/stellar 
mass density profiles. This will also allow to plan how to best 
measure these quantities in observational analyses, for instance using 
g alaxy–g alaxy weak lensing in upcoming surv e ys such as Euclid- 
ESA mission (Laureijs et al. 2011 ). Predictions of the measurability 
of the tidal stripping in clusters should also be conducted in other 
simulations, including different implementations of the baryonic 
processes, or different DM candidates, to quantify the constraining 
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power of observations on these processes, using satellite galaxies in 
clusters. 
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