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ABSTRACT
We study the stellar-to-halo mass relation (SHMR) for central and satellite galaxies with total dynamical masses above 1010.5 M�
using the suite of cosmological magnetohydrodynamical simulations IllustrisTNG. In particular, we quantify environmental
effects on satellite populations from TNG50, TNG100, and TNG300 located within the virial radius of group- and cluster-
like hosts with total masses of 1012–15.2 M�. At fixed stellar mass, the satellite SHMR exhibits a distinct shift towards lower
dynamical mass compared to the SHMR of centrals. Conversely, at fixed dynamical mass, satellite galaxies appear to have larger
stellar-to-total mass fractions than centrals by up to a factor of a few. The systematic deviation from the central SHMR is larger
for satellites in more massive hosts, at smaller cluster-centric distances, with earlier infall times, and that inhabits higher local
density environments; moreover, it is in place already at early times (z � 2). Systematic environmental effects might contribute to
the perceived galaxy-to-galaxy variation in the measured SHMR when galaxies cannot be separated into satellites and centrals.
The SHMR of satellites exhibits a larger scatter than centrals (by up to ∼0.8 dex), over the whole range of dynamical mass.
The shift of the satellite SHMR results mostly from tidal stripping of their dark matter, which affects satellites in an outside-in
fashion: The departure of the satellite SHMR from the centrals’ relation diminishes for measurements of dynamical mass in
progressively smaller apertures. Finally, we provide a family of fitting functions for the SHMR predicted by IllustrisTNG.
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1 I N T RO D U C T I O N

While the formation and evolution of galaxies are governed by
a blend of both nature and nurture, their environment determines
which dominates. Whether a galaxy spends its lifetime in the field or
whether it is bound to a more massive group or cluster environment
sets it on a different evolutionary path. Galaxy clusters – the most
massive, gravitationally collapsed structures in the Universe – offer
both large galaxy populations and a range of environmental processes
that leave their imprint on infalling satellite galaxies. In group or
cluster environments, any galaxy can become subject to galaxy–
galaxy interactions such as harassment (Moore et al. 1996; Moore,
Lake & Katz 1998) – high-velocity encounters driving morphological
transformation – or various interactions with the host halo’s potential:
In a starvation scenario, gas accretion from the surrounding halo into
the galaxy is cut off. Star formation continues for an extended period
of time until the galaxy’s gas reservoirs have been exhausted (Larson,
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Tinsley & Caldwell 1980; Balogh, Navarro & Morris 2000; Kawata &
Mulchaey 2008; Wetzel et al. 2013). Ram-pressure stripping (Gunn &
Gott 1972) deprives galaxies in the intracluster or intragroup medium
of their gas, thereby removing the reservoirs for the formation of new
stars and rapidly quenching the galaxies (e.g. Tonnesen, Bryan &
van Gorkom 2007; Bekki 2014; Fillingham et al. 2016; Simpson
et al. 2018) – possibly after a final, ram-pressure-induced episode
of enhanced star formation (Vulcani et al. 2018; Safarzadeh &
Loeb 2019). Interactions between the cold interstellar and the hot
intergalactic medium can cause the interstellar medium’s temperature
to increase rapidly, followed by evaporation and removal of the gas
therein (e.g. Cowie & Songaila 1977; Boselli & Gavazzi 2006).
Finally, tidal stripping in the host cluster potential can remove the
surrounding dark matter haloes of satellite galaxies, stars from their
outskirts, produce tidal tails, or even lead to their disruption (e.g.
Merritt 1983; Barnes & Hernquist 1992).

Due to these processes, galaxy populations in groups and clusters
are distinct from their counterparts in the field. Satellite morphologies
and star formation activity correlate with the density of their sur-
roundings, resulting in high-density environments containing higher
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fractions of early-type galaxies (Einasto et al. 1974; Oemler 1974;
Dressler 1980; Binggeli, Tammann & Sandage 1987; Lisker et al.
2007; Grebel 2011) and enhanced quenched fractions (Lewis et al.
2002; van der Wel et al. 2010; Spindler et al. 2018). This is directly
observable in a higher red fraction for galaxies in high-density
environments (Font et al. 2008; Lisker, Grebel & Binggeli 2008;
van den Bosch et al. 2008; Peng et al. 2010; Prescott et al. 2011).
However, these environmental effects are neither restricted to the
central regions of clusters, nor to present-day times or the satellites’
present-day environment. Ram-pressure stripping can already act
on satellites that are several virial radii outside of the host cluster
(Balogh et al. 1999; von der Linden et al. 2010; Bahé et al. 2013;
Zinger et al. 2018). Pre-processing in previous, group-like hosts can
already result in tidal stripping and significant mass-loss of a galaxy’s
surrounding dark matter halo (Joshi, Wadsley & Parker 2017; Han
et al. 2018). Even after infall into a cluster, such groups can stay
bound and still exert their individual influence on satellites. Although
groups usually get dispersed after the first pericentric passage, former
member galaxies can still appear related at later times – either in their
general properties or their position in phase space (Vijayaraghavan &
Ricker 2013; Lisker et al. 2018). Apart from sharing their time of
infall, such galaxies experience similar degrees of tidal mass-loss
or exhibit quenching and enrichment to similar extents (Smith et al.
2015; Rhee et al. 2017; Pasquali et al. 2019).

Cosmological simulations offer a convenient way to study the
formation and evolution of galaxies in different environments –
either by using pure dark matter simulations, such as Millennium
or Millennium II (Springel et al. 2005; Boylan-Kolchin et al. 2009),
in combination with semi-analytic models (e.g. Guo et al. 2011), or
by using cosmological hydrodynamical simulations, such as EAGLE
(Schaye et al. 2015), Horizon-AGN (Dubois et al. 2014), or Illustris
(Vogelsberger et al. 2014b; Nelson et al. 2015). These simulations
allow for detailed studies of environmental effects on satellite
galaxies, comparisons of late- and early-type galaxy populations
at different epochs, or the impact of infall time on the enrichment of
galaxies and their mass–metallicity relation (Weinmann et al. 2011;
Lisker et al. 2013; Sales et al. 2015; Engler, Lisker & Pillepich
2018).

The evolution of galaxies is tightly correlated with the mass of
their dark matter halo. Galaxy properties, most fundamentally stellar
mass or luminosity, are tightly linked to halo mass and the depth
of the halo potential. For central galaxies, this stellar-to-halo mass
relation (SHMR) has been well constrained – either using H I line
widths (Tully & Fisher 1977), abundance matching techniques (e.g.
Nagai & Kravtsov 2005; Behroozi, Conroy & Wechsler 2010; Moster
et al. 2010; Behroozi, Wechsler & Wu 2013; Moster, Naab & White
2013; Allen, Behroozi & Ma 2019), weak lensing measurements (e.g.
Mandelbaum et al. 2006; Huang et al. 2019; Sonnenfeld, Wang &
Bahcall 2019), or simulations (e.g. Matthee et al. 2017; Pillepich
et al. 2018b). Other methods of constraining halo properties include
X-ray observations (e.g. Lin, Mohr & Stanford 2003; Lin & Mohr
2004; Yang et al. 2007; Kravtsov, Vikhlinin & Meshcheryakov 2018),
employing galaxy kinematics, stellar velocities, or planetary nebulae
as tracers for the halo potential (e.g. Erickson, Gottesman & Hunter
1987; Ashman, Salucci & Persic 1993; Peng, Ford & Freeman
2004; van den Bosch et al. 2004), or by measuring the mass or
abundance of globular clusters (e.g. Spitler & Forbes 2009; Forbes
et al. 2018; Prole et al. 2019). For centrals, the SHMR’s scatter has
been found to correlate with the assembly and the hierarchical growth
of massive galaxies, as well as their large-scale environment or halo
characteristics, such as its concentration or growth rate (Tonnesen &
Cen 2015; Gu, Conroy & Behroozi 2016; Golden-Marx & Miller

2018, 2019; Feldmann, Faucher-Giguère & Kereš 2019; Bradshaw
et al. 2020).

However, compared to central galaxies, the SHMR of satellites has
been found to show significant deviations due to environmental in-
fluence (Rodrı́guez-Puebla, Drory & Avila-Reese 2012; Rodrı́guez-
Puebla, Avila-Reese & Drory 2013; Tinker et al. 2013; Hudson et al.
2015; van Uitert et al. 2016; Bahé et al. 2017; Sifón et al. 2018; Buck
et al. 2019; Dvornik et al. 2020). Here, tidal stripping removes large
parts of a satellite’s surrounding dark matter. This process already
becomes active outside of the host’s virial radius (Reddick et al. 2013;
Behroozi et al. 2014; Smith et al. 2016) and drives satellite galaxies
off of their original position in the SHMR (Niemiec et al. 2017, 2019).
However, Joshi et al. (2019) showed that the dark matter subhaloes
of satellites are already subject to tidal stripping as part of pre-
processing in groups. During this process, the galaxy itself can still
continue its star formation. This suggests that pre-processing plays
a significant role in causing the scatter in the SHMR of satellites.
However, how does the SHMR of satellites vary for different host
environments? How do lower mass groups or massive galaxy clusters
influence the SHMR’s scatter? And how can we characterize galaxy
environment for satellites inside these hosts?

In this study, we examine the SHMR using the cosmological
magnetohydrodynamical simulation suite IllustrisTNG (Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018, 2019a, b; Pillepich
et al. 2018b, 2019; Springel et al. 2018). Here, at least 31 per cent
of cluster galaxies with a stellar mass above 109 M� have been
subject to ram-pressure stripping: This is observable in gaseous tails
tracing the infalling galaxies and turning them into Jellyfish galaxies
(Yun et al. 2019 with TNG, or observationally e.g. McPartland et al.
2016; Jaffé et al. 2018). While there are still apparent deviations
from observations in the star-forming main sequence at earlier times,
the amount of quiescent galaxies at intermediate stellar mass is in
better agreement with observations than previous models (Donnari
et al. 2019, 2020a). Furthermore, satellite galaxies exhibit enhanced
metallicities due to chemical pre-processing (Gupta et al. 2018, or
observationally e.g. Grebel, Gallagher & Harbeck 2003; Pasquali
et al. 2010).

In this paper, we study the SHMR in IllustrisTNG by comparing
central and satellite galaxies selected above the same minimum total
dynamical mass (Mdyn ≥ 1010.5 M�). We focus mostly on z = 0 but
comment on the redshift evolution of the relations and their galaxy-
to-galaxy variations up to z∼ 2. We define a number of environmental
parameters and examine their effects on satellite galaxies in groups
and clusters, their locus in the SHMR, and the scatter in stellar mass.
The combination of all the runs of the IllustrisTNG suite allows us
to explore an unprecedented dynamical range of satellite and host
masses. The nature of the simulations (uniform volumes instead of,
e.g. zoom-in simulations) allows us to replicate the shape of the
mass distributions of host haloes and their satellite galaxies closely,
as compared to how they emerge in the real Universe. The paper
is structured as follows: In Section 2, we describe the IllustrisTNG
simulations in detail, define our selection of galaxies, and introduce
the parameters we adopt to characterize their environment. We
present our results in Section 3: the SHMR of centrals and satellites,
its scatter as a function of dynamical mass, and the influence of
various environmental quantities on the SHMR of satellite galaxies.
In Section 4, we discuss the processes that act on satellites after
infall into a more massive environment, as well as their transition
from the SHMR of centrals. Furthermore, we provide a series of
fitting functions for the SHMR in IllustrisTNG and examine the
limitations of halo finders and resolution effects, as well as how they
affect our results. Finally, we summarize our work in Section 5.
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2 M E T H O D S

2.1 IllustrisTNG

The results presented in this paper are based on data from
IllustrisTNG,1 the next-generation suite of state-of-the-art magne-
tohydrodynamical cosmological simulations of galaxy formation
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018b; Springel et al. 2018). Building on the success
of its predecessor Illustris (Genel et al. 2014; Vogelsberger et al.
2014a,b; Nelson et al. 2015; Sijacki et al. 2015), IllustrisTNG

follows the same fundamental approach but includes improved
aspects and novel features in its galaxy formation model and expands
its scope to several simulated volumes and improved resolution. The
models for galaxy formation include physical processes such as gas
heating by a spatially uniform and time-dependent UV background,
primordial and metal-line gas cooling, a subgrid model for star
formation, and the unresolved structure of the interstellar medium
(Springel & Hernquist 2003), as well as models for the evolution
and chemical enrichment of stellar populations, which track nine
elements (H, He, C, N, O, Ne, Mg, Si, and Fe) in addition to
europium and include yields from supernovae Ia, II, and AGB
stars (Vogelsberger et al. 2013; Torrey et al. 2014). Furthermore,
IllustrisTNG incorporates improved feedback implementations for
galactic winds caused by supernovae as well as accretion and
feedback from black holes. In particular, depending on accretion,
black hole feedback occurs in two modes: low accretion rates
result in purely kinetic feedback while high accretion rates invoke
thermal feedback (Weinberger et al. 2017). Galactic winds are
injected isotropically and the wind particles’ initial speed scales
with the one-dimensional dark matter velocity dispersion (Pillepich
et al. 2018a). Magnetic fields are amplified self-consistently from
a primordial seed field and follow ideal magnetohydrodynamics
(Pakmor & Springel 2013). The TNG simulations were run using
the moving mesh code AREPO (Springel 2010). Here, concepts from
adaptive mesh refinement and smooth particle hydrodynamics are
combined to create an unstructured, moving Voronoi tessellation.
IllustrisTNG follows the �CDM framework, adopting cosmological
parameters according to recent constraints from Planck data: matter
density �m = 0.3089, baryonic density �b = 0.0486, cosmological
constant �� = 0.6911, Hubble constant h = 0.6774, normalization
σ 8 = 0.8159, and spectral index ns = 0.9667 (Planck Collaboration I
2016).

The TNG suite simulates three different cubic volumes with side
lengths of approximately 50, 100, and 300 Mpc, referred to as
TNG50, TNG100, and TNG300, respectively. Recently finished,
TNG50 offers a higher mass resolution than the other volumes and
a detailed look at galaxies and their properties (Nelson et al. 2019b;
Pillepich et al. 2019). While TNG300 has a lower resolution, its
greater volume provides large statistical samples of galaxies and
dense environments, including about 270 galaxy clusters exceeding
1014 M� (see e.g. Pillepich et al. 2018b, and see Section 2.2 for the
definition of cluster/host mass). The intermediate-volume TNG100
adopts the same initial conditions as the original Illustris simulation
and provides both statistical samples of galaxies in field, groups, and
clusters and an adequate mass resolution to study these objects. In this
paper, we study a combined sample of galaxies from all simulations
of the IllustrisTNG suite: TNG300, TNG100, and TNG50. Specifics
on each simulation are summarized in Table 1.

1http://www.tng-project.org/

Table 1. Simulation details for TNG300, TNG100, and TNG50 – the flagship
runs of the IllustrisTNG project used in this work. Parameters include the side
length of the simulation box Lbox and the number of dark matter particles
NDM, as well as the mass of both dark matter and baryonic particles (mDM

and mb, respectively), the latter representing the typical stellar particle mass.

Simulation Lbox (Mpc) NDM mDM (M�) mb (M�)

TNG300 302.6 25003 5.9 × 107 1.1 × 107

TNG100 110.7 18203 7.5 × 106 1.4 × 106

TNG50 51.7 21603 4.5 × 105 8.5 × 104

2.2 Galaxy sample and environmental properties

We study galaxies between z = 0 and 2 over a large range of mass, by
limiting our sample to objects with a total dynamical mass of Mdyn ≥
1010.5 M� in order to touch on the dwarf regime without getting into
conflict with the simulation’s resolution limit. We define dynamical
mass as the sum of all gravitationally bound resolution elements
identified by the SUBFIND algorithm (Springel et al. 2001; Dolag
et al. 2009, and see Section 2.3 for more details on our fiducial mass
measurements). Within a larger particle group – haloes determined by
a friends-of-friends (FoF) algorithm – SUBFIND detects substructures
of particles as locally overdense regions that are gravitationally self-
bound. The SUBFIND catalogue returns central as well as satellite
subhaloes. Centrals are gravitationally bound objects whose position
coincides with the centre of FoF haloes, i.e. the minimum of the
gravitational potential. This includes both brightest cluster galaxies
at the high-mass end or field galaxies at lower masses. Any other
SUBFIND objects within an FoF halo are called satellites. A priori,
satellite subhaloes may be either dark or luminous (i.e. contain a non-
vanishing number of stellar particles, in which case they are called
satellite galaxies) and can be members of their parent FoF group
regardless of their distance from the centre. In this work, we only
consider luminous subhaloes (i.e. with at least one stellar particle)
and include both centrals and satellites in our sample.

Since we are particularly interested in satellites in groups and
clusters, i.e. environments that are expected to leave some sort of
imprint on them, we only consider satellite galaxies in hosts of
Mhost ≥ 1012 M� in the following sections – with hosts being the
FoF halo the respective satellite galaxy inhabits. As host mass Mhost,
we use its virial mass M200c – the total mass of a sphere around
the FoF halo’s centre with a mean density of 200 times the critical
density of the universe. Furthermore, we define satellites as only
those galaxies found within the virial radius R200c of their FoF hosts
at the time of observation. While this excludes backsplash galaxies
– galaxies that are currently located outside the virial radius or the
FoF halo after experiencing a first infall and their first pericentric
passage – we have verified that their inclusion would not alter our
results in a significant manner by using the catalogues from Zinger
et al. (2020). However, not all satellites represent actual galaxies.
Some correspond to fragmentations and clumps within other galaxies
due to, e.g. disc instabilities that SUBFIND identified as independent
objects. Since these non-cosmological objects contain little to no
dark matter, we only regard subhaloes with a dark matter mass
fraction (to total mass, i.e. including gas too) of at least 10 per cent
in order to remove these clumps (see discussion in section 5.2 in
Nelson et al. 2019a). Additionally, we require satellites to reside at
a cluster-centric distance of at least 0.05R200c. This way, we avoid
the innermost host regions, where the identification of subhaloes can
become troublesome due to the large density of their surroundings.

At z = 0, these selection criteria leave us with a sample of
62 253 (3373; 307) satellite galaxies in TNG300 (TNG100; TNG50).

MNRAS 500, 3957–3975 (2021)
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Table 2. The number of host haloes in TNG300, TNG100, and TNG50 at z =
0. We divide haloes into bins of virial mass M200c for all simulation volumes
to account for lower mass groups and massive galaxy cluster environments.

Host M200c TNG300 TNG100 TNG50

1012–1013 M� 35 464 1708 183
1013–1014 M� 3453 168 23
1014–1014.5 M� 239 11 1
1014.5–1015.2 M� 41 3 0

Table 3. Galaxy samples in TNG300, TNG100, and TNG50 at z = 0. This
includes centrals (top row) and satellites in group and cluster environments.
We study subhaloes with total dynamical masses of Mdyn ≥ 1010.5 M�. This
limit translates in effect into galaxies with a stellar mass of about a few
108 M� and above. Satellites are defined as galaxies within their host’s virial
radius R200c.

Sample TNG300 TNG100 TNG50

Centrals 624 682 41 824 4358
Satellites, Mhost ≥ 1012 M� 62 258 3373 307
Satellites, Mhost = 1012–1013 M� 22 347 1121 124
Satellites, Mhost = 1013–1014 M� 24 662 1367 183
Satellites, Mhost = 1014–1014.5 M� 9867 556 40
Satellites, Mhost = 1014.5–1015.2 M� 5382 329 0

However, groups and clusters can act as very different environments.
They cover a large range of mass and act differently on satellite
galaxies. In order to compare these effects, we further divide the
satellites into subsamples according to the virial mass of their host
haloes. We summarize the demographics of available host haloes and
the number of galaxies in each subsample for TNG300, TNG100, and
TNG50 in Tables 2 and 3. Beyond host mass, we use more specific
quantities to assess the immediate environment of satellite galaxies.
These are as follows:

(i) Cluster-centric distance: distance to the central galaxy of the
host halo. The gravitational potential and tidal forces grow stronger
towards the cluster centre (e.g. Gnedin, Hernquist & Ostriker 1999).
Cluster-centric distances are given in units of the host’s virial radius.

(ii) Infall times: We use the satellite galaxies’ first infall through
the virial radius R200c of their present-day host’s main progenitor
to account for the duration over which they have been subject to
external effects.

(iii) Local luminosity density: Local luminosity density describes
the satellites’ immediate surroundings and their proximity to other
galaxies. We generalize the approach in Sybilska et al. (2017) for
a larger range in host mass: For each satellite, we consider other
galaxies within a fixed three-dimensional aperture, sum up their
r-band luminosities, and divide by the volume of the sphere. As
radius for the aperture, we use 10 per cent of the host’s virial radius.
Furthermore, we only take subhaloes with a stellar mass of at least
109 M� (within twice the stellar half-mass radius) into account in
order to ensure an appropriate level of resolution for neighbouring
galaxies.

Furthermore, we discuss an alternative sample of satellites in
Sections 4.1 and 4.2 in addition to our fiducial selection. In this case,
we do not limit satellite galaxies by their present-day dynamical
mass at z = 0 but by their peak dynamical mass, to all satellites that
have ever reached Mdyn ≥ 1010.5 M� throughout their lifetime. This
enables us to analyse the impact of environment on different mass
components of present-day satellite populations over a wider range
of masses.

2.3 Mass measurements

Throughout this work, we compare different operational definitions
of a galaxy’s stellar mass and total dynamical mass. In either case,
we account only for those stellar particles or resolution elements that
are labelled as gravitationally bound to a galaxy according to the
SUBFIND algorithm. The results presented in this analysis therefore
rely on the accuracy of SUBFIND (e.g. Ayromlou et al. 2019). Other
halo finders might return somewhat different mass measurements
and we comment on this in Section 4.5. While we do not expect our
qualitative findings to change, quantitative results might be subject
to biases. Furthermore, we impose additional 3D radial cuts for mass
measurements, which can either represent galaxy-specific structural
properties or simply correspond to fixed 3D apertures. Notice that
for our galaxy sample and analysis we do not employ halo mass
descriptors such as M200c or other spherical-overdensity definitions as
these would only be useful for centrals and would not be meaningful
for satellites – since the latter merely represent slight enhancements
on the overall background density distributions dominated by their
underlying cluster or group hosts.

Our fiducial choices for galaxy masses read as follows:

(i) M∗: A galaxy’s stellar mass is the sum of the mass of all
the gravitationally bound stellar particles found within twice the
stellar half-mass radius R∗

1/2 from the galaxy centre. While the stellar
half-mass radius is calculated from all gravitationally bound stellar
particles in the subhalo as identified by SUBFIND, we limit stellar
mass in this way since we are specifically interested in the galaxy’s
main body, not its diffuse outskirts.

(ii) Mdyn: A galaxy’s total dynamical mass is the sum of all
gravitationally bound resolution elements (dark matter, stellar and
black hole particles, and gas cells) as identified by SUBFIND.

For other apertures, we follow the approach in Pillepich et al.
(2018b) and consider total and stellar masses within 100, 30, 10, and
5 pkpc (physical kpc). However, we still only consider particles that
are gravitationally bound to the subhalo. We choose these apertures
to take different galaxies and their components into consideration:
Depending on the mass of subhaloes, stellar half-mass radii can range
from a few kpc in Milky Way-like haloes to tens of kpc for central
galaxies of group environments. Furthermore, most of the stellar
mass of Milky Way-like galaxies is enclosed within 30 kpc – this
aperture provides stellar mass estimates roughly comparable with
observational measurements within Petrosian radii (Schaye et al.
2015). We include stellar mass measurements in 5 pkpc to account
for less massive galaxies in our sample. Importantly, distinguishing
among different mass definitions allows us to characterize how
different parts of galaxies are affected by environmental effects such
as tidal stripping, and thus how the different mass definitions affect
the description and quantification of the SHMRs for centrals and
satellites separately.

Note that unless otherwise stated, we define Mdyn as the
dynamical mass at the present day since we specifically aim to
investigate differences of satellite to central galaxies caused by their
environment. Other studies have characterized satellite subhalo mass
as peak masses, i.e. before they became subject to environmental
effects. In this case, most of the differences we find in this work
comparing the SHMRs of centrals and satellites would be mitigated
(e.g. Shi et al. 2020).

In order to account for discrepancies resulting from resolution
effects between the three simulation volumes, we rescale stellar
mass in both TNG300 and TNG100 to TNG50. Typically, this
results in an increase in stellar mass by a factor of ∼2 (∼1.5) in
TNG300 (TNG100). However, it reaches up to a factor of a few
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Figure 1. SHMR for central and satellite galaxies at z = 0 with total dynamical masses (all gravitationally bound material) of at least 1010.5 M� combining
samples of the rescaled rTNG300 and rTNG100, as well as TNG50 (see the text and Appendix A for details). In the top panel, we employ all gravitationally bound
material as determined by SUBFIND instead of halo mass as M200c for dynamical mass. Since satellites only correspond to slight enhancements on the overall
background density, mass definitions using spherical overdensities would not enable a meaningful comparison between centrals and satellites. Furthermore,
dynamical masses are considered not at peak mass along each subhalo history but at present-day times, in order to highlight the impact of environmental effects.
Top panel: Stellar mass as a function of dynamical mass for centrals (solid blue curve), satellites in hosts of 1012–1015.2 M� (solid red curve), and both centrals
and satellites (dotted black curve) at z = 0, as medians within bins of 0.5 dex over the range of dynamical masses. Shaded regions correspond to 16th and 84th
percentiles. Bottom panels: Stellar mass as a function of dynamical mass for centrals and satellites in hosts of 1012–1015.2 M� in fixed physical apertures – 100,
30, 10, and 5 pkpc (from left to right).

at the low-mass end. These versions are denoted as rTNG300 and
rTNG100, respectively. The rescaling process is described in detail
in Appendix A.

2.4 Functional form and fit of the SHMR

In what follows, we quantify the relationship between total dynamical
mass Mdyn and stellar mass M∗ of galaxies by either plotting the latter
versus the former or by plotting the ratio of the stellar to dynamical
mass versus the dynamical mass. We use the expression SHMR for
either form and we describe the latter by adopting the parametrization
from Moster et al. (2010, 2013):

M∗
Mdyn

= 2N

[(
Mdyn

M1

)−β

+
(

Mdyn

M1

)γ
]−1

. (1)

The four free parameters correspond to the normalization of the
stellar-to-halo mass ratio N, a characteristic mass M1, and the two
slopes at the low- and high-mass ends β and γ . At characteristic
mass M1, the ratio of stellar and subhalo masses is equal to the
normalization N. We fit this model to the distributions of running

medians, as well as 16th and 84thpercentiles using non-linear least-
squares minimization. The fits are applied separately to the SHMRs
of centrals and satellites in groups and clusters.

3 RESULTS

3.1 SHMR at z = 0

In this section, we examine the relationship of total dynamical mass
Mdyn and stellar mass M∗ at z = 0, by comparing satellites in groups
and clusters with Mhost ≥ 1012 M� to central galaxies.

Fig. 1 shows the SHMR of galaxies with Mdyn ≥ 1010.5 M� in
TNG50 and the resolution-rescaled rTNG100 and rTNG300 (see
Appendix A): centrals (solid blue curve) and satellites (solid red
curve), as well as both centrals and satellites combined (dotted black
curve). We consider masses in our fiducial aperture choice – the
sum of all gravitationally bound particles for total dynamical mass
and all stellar particles within twice the stellar half-mass radius
R∗

1/2 for stellar mass. There is a systematic offset between central
and satellite galaxy populations: At fixed stellar mass, satellites are

MNRAS 500, 3957–3975 (2021)



3962 C. Engler et al.

Figure 2. SHMR for central and satellite galaxies with total dynamical masses of at least 1010.5 M� from rTNG300, rTNG100, and TNG50 as a function
of host mass and redshift. Left-hand panel: SHMR for centrals and subsamples of satellites within fiducial apertures at z = 0. Satellites are divided by host
mass into bins of 1012–1013, 1013–1014, 1014–1014.5, and 1014.5–1015.2 M� (orange to dark red, solid curves). The most massive host mass bin only includes
rTNG300 galaxies, while the others combine galaxies from rTNG300, rTNG100, and TNG50. Relations are shown as fits to the running medians of stellar mass
fractions M∗/Mdyn within bins of 0.7 dex (solid curves). Dotted curves correspond to fits to their 16th and 84th percentiles. Right-hand panel: Stellar mass ratios
of satellite to central galaxies in rTNG300, rTNG100, and TNG50 as a function of dynamical mass at z = 0.0, 0.5, 1.0, and 2.0 (black to light grey curves). We
limit satellites to hosts of 1012–1014 M�, since TNG50 does not include >1014 M� haloes at earlier redshifts.

shifted towards smaller total dynamical mass. Shaded areas show the
scatter in the SHMR as 16th and 84th percentiles. At all dynamical
masses, satellites exhibit a larger scatter than centrals, increasing
towards the lower mass end.

Additionally, we present combinations of fixed physical apertures
in the bottom panels. Here, both stellar and subhalo masses are
confined to the innermost 100, 50, 10, and 5 pkpc (from left to
right). Measuring stellar and dynamical masses within fixed physical
apertures shows a similar offset for the largest aperture of 100 pkpc.
However, the offset between satellites and centrals at the high-mass
end is less pronounced than that for our fiducial apertures. While
100 pkpc still encompasses all gravitationally bound particles in
low- and intermediate-mass subhaloes, the upper limit of dynamical
mass shifts to a lower value compared to the SHMR in our fiducial
aperture choice. Since the dark matter subhalo is more extended than
the galaxy’s stellar body, this affects the total dynamical mass to a
larger degree than the stellar mass. When the SHMR is examined
for progressively smaller apertures, the offset between centrals and
satellites becomes less significant over the whole range of dynamical
mass, albeit to a lesser degree towards the low-mass end for larger
apertures. Environmental effects that cause this offset between the
SHMRs of centrals and satellites affect galaxies in an outside-in
fashion. Since the inner galaxy regions remain largely unaffected by
their environment, the offset between the SHMRs of centrals and
satellites decreases when constraining galaxy and subhalo mass to
smaller apertures.

3.2 Dependence on host mass and redshift

We examine the separation of satellite galaxies more closely in
the left-hand panel of Fig. 2. Here, satellite galaxies of rTNG300,
rTNG100, and TNG50 are split into subsamples according to
their z = 0 host mass: 1012–1013, 1013–1014, 1014–1014.5, and
1014.5–1015.2 M�. The most massive host mass bin includes ex-
clusively rTNG300 satellites, while the other three bins consist of
satellites from rTNG300, rTNG100, and TNG50.

The SHMR is shown as fits to the average distribution of stellar
mass fractions at a given dynamical mass for centrals and the four
satellite subsamples, following the fitting function in Section 2.4.
We fit equation (1) to the distributions of running medians (solid
curves), as well as 16th and 84th percentiles (dotted curves) to depict
the differences in scatter between centrals and satellites in groups
and clusters.

The SHMR of satellite galaxies generally shows a large offset
from the SHMR of centrals, with satellite subhaloes exhibiting larger
stellar mass fractions over the whole range of dynamical mass. We
quantify this offset at the peak of the relation, ranging from stellar-to-
halo mass ratios of about 10 per cent for satellites in 1012–1013 M�
hosts to 15 per cent in hosts of 1014.5–1015.2 M�.

While there is a trend with host mass – satellites in more massive
hosts tend to have in the median larger stellar mass fractions at
fixed dynamical mass – this correlation is even more pronounced
when considering the relation’s scatter. While the distribution of 16th
percentiles practically shows the same basic offset from the SHMR
of centrals for all satellites, the 84th percentiles of SHMRs increase
more significantly than the average median relation. Satellites in
more massive environments can reach larger stellar mass fractions:
up to 28 per cent in hosts of 1012–1013 M� or 50–60 per cent in
hosts of 1013–1015.2 M� at the peak of 84th percentiles. On the other
hand, the maximum stellar mass fraction for the 84thpercentiles of
central galaxies only reaches 2–4 per cent. The fit parameters of
the four samples’ average distributions are summarized in Table 4.
Furthermore, the same trends hold for general baryonic-to-total
mass ratios considering the contributions of both stars and gas.
We emphasize that the SHMRs for satellites in 1014–1014.5 and
1014.5–1015.2 M� hosts represent lower limits due to effects of
numerical resolution: The rescaling process for stellar masses of
satellites in hosts of 1014–1015.2 M� relies on only one massive
cluster in TNG50 with a mass of 1014.3 M�. Therefore, the SHMRs
of satellites within hosts of this mass range may in reality be shifted
to even larger stellar mass fractions.

In the right-hand panel of Fig. 2, we show the stellar mass ratio
of satellites and centrals in rTNG300, rTNG100, and TNG50 as
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Table 4. Fit parameters for the SHMR of centrals and satellites as a function of host mass in the left-hand panel of
Fig. 2 using rTNG300, rTNG100, and TNG50. We follow the parametrization in equation (1) (Moster et al. 2010,
2013): normalization N, characteristic mass M1, and the slopes at the low- and high-mass ends β and γ .

Sample N M1(log M�) β γ

Centrals 0.0258 ± 0.0003 11.70 ± 0.02 28.6 ± 0.8 10.4 ± 0.2
Satellites in 1012–1013 M� hosts 0.108 ± 0.003 11.12 ± 0.06 27.5 ± 2.9 15.6 ± 1.7
Satellites in 1013–1014 M� hosts 0.127 ± 0.008 10.85 ± 0.11 23.6 ± 6.1 10.1 ± 1.3
Satellites in 1014–1014.5 M� hosts 0.137 ± 0.004 10.93 ± 0.04 30.5 ± 3.6 10.9 ± 0.6
Satellites in 1014.5–1015.2 M� hosts 0.129 ± 0.006 10.85 ± 0.04 38.6 ± 7.2 9.5 ± 0.7

a function of total dynamical mass and its evolution with time.
However, we only consider satellites in hosts of 1012–1014 M�, since
TNG50 does not include 1014 M� haloes at z = 0.5 and earlier
redshifts. At all redshifts considered (z = 0, 0.5, 1, and 2; black to
light grey curves), the samples include tens of thousands of satellites
and hundreds of thousands of centrals. At fixed dynamical mass, the
stellar mass of satellites exhibits a significant difference to those of
centrals – larger by a factor of at least 2.5 at z = 0. This increases
substantially for subhaloes with Mdyn < 1012 M� – around which
satellite subhaloes reach peak baryonic conversion efficiency – and
reaches its maximum at our lower dynamical mass limit of 1010.5 M�.
Here, satellites are more massive in stars than centrals by a factor of
16 at z = 0, 0.5, and 1, as well as a factor of 22 at z = 2. However, there
is no statistically significant difference in the ratios of stellar mass
between satellites and centrals from z = 0 to 2. Satellites already
exhibit an offset in stellar mass at fixed dynamical mass as compared
to those of centrals at early times: Since the density profiles of both
satellites and host environments stay on average similar between
z = 2 and 0, tidal stripping in the host halo’s gravitational potential
operates – for satellites of a given dynamical mass – to the same
degree at different redshifts.

3.3 Scatter in the SHMR

The environment affects the dark matter subhalo and the stellar body
of a galaxy to a different degree, which results not only in an offset
between centrals and satellites in groups and clusters in the SHMR
but also in different scatter along the relation. In this section, we
examine the scatter in stellar mass σ ∗ as a function of total dynamical
mass and the ways in which the environment shapes it. We determine
the stellar mass scatter by defining bins of fixed dynamical mass and
by computing the standard deviation of the distribution of logarithmic
stellar mass within. These distributions correspond approximately
to Gaussians (for non-logarithmic masses, this corresponds to a
lognormal distribution; see also Anbajagane et al. 2020).

The top panel of Fig. 3 shows the scatter as a function of total
dynamical mass for all centrals (blue curves) and satellites (red
curves) in hosts of 1012–1014.6 M� in TNG100 (solid curves) as well
as hosts of 1012–1015.2 M� in TNG300 (dotted curves). However, the
low-mass end of TNG300 centrals reaches the resolution limit (grey
area): Here, our sample of centrals starts to include galaxies with
only a single stellar particle and the SHMR’s scatter is no longer fully
sampled. Since the distribution of stellar mass within fixed dynamical
mass bins is incomplete, the scatter decreases. In both simulations,
there is a significant offset between centrals and satellites in groups
and clusters. The scatter of centrals and satellites increases towards
lower dynamical masses to up to 0.43 dex for centrals and 0.60 dex
for satellites in TNG100, as well as 0.38 dex for centrals and 0.77 dex
for satellites in TNG300. Considered at the respective peak scatter of
centrals, this results in an offset of 0.17 dex at Mdyn = 1010.6 M� for

satellites in TNG100 and 0.12 dex at Mdyn = 1011.1 M� for satellites
in TNG300. For TNG100, this dynamical mass yields an offset of
only 0.1 dex.

As galaxies become less massive, the scatter increases for both
centrals and satellites. While this effect is mainly driven by different
assembly histories for centrals, it is even more pronounced for low-
mass satellites as they become less resistant to their environment. For
intermediate- to high-mass subhaloes (Mdyn � 1012 M� for centrals,
Mdyn � 1011.5 M� for satellites), the scatter becomes constant around
a value of σ∗ ∼ 0.2 dex for satellites and σ∗ ∼ 0.15 dex for centrals in
both TNG100 and TNG300. For both centrals and satellites, constant
scatter sets in for subhaloes that correspond to the SHMR’s peak –
subhaloes of peak star formation efficiency – and continues to their
respective high-mass ends.

We examine the effects of group and cluster environments sepa-
rately in the bottom left panel of Fig. 3 by splitting satellite galaxies
in TNG300 by host mass. Over the whole range of dynamical mass,
there is a continuous offset between satellites in different hosts.
Satellites in hosts of 1014–1015.2 and 1013–1014 M� show the largest
scatter of up to 0.8 dex, while satellites in 1012–1013 M� hosts reach
up to 0.7 dex. However, even satellites in less massive hosts already
exhibit a significant difference to the centrals’ relation. Considered
at a dynamical mass of 1011.1 M� – corresponding to the peak
scatter of centrals – satellites show an offset of 0.15, 0.12, and
0.05 dex (in decreasing host mass bins) compared to centrals of the
same mass. For all satellites, the scatter in stellar mass becomes
constant around their respective subhalo mass of peak star formation
efficiency. The offset between satellites in more and less massive
hosts remains constant at the high-subhalo-mass end with satellites
in 1012–1013 M� hosts settling around a scatter of 0.14 dex – similar
to the scatter of centrals.

The lower right panel of Fig. 3 shows the evolution in time of the
scatter σ ∗ for satellite galaxies in TNG300. This includes several
tens of thousands of satellites at the redshifts considered (z = 0,
0.5, 1, and 2). At all redshifts, the scatter of satellites at the massive
dynamical mass end with Mdyn � 1012 M� is roughly constant at
σ∗ ∼ 0.2 dex. However, for lower mass satellites, there is a slight,
albeit clear trend of decreasing scatter with increasing redshift: While
the scatter reaches up to 0.77 dex at z = 0, this peak value decreases
continuously to 0.72 dex at z = 0.5, 0.67 dex at z = 1, and 0.61 dex
at z = 2. Although our satellite sample shows no trend in its average
SHMR at different times (see Fig. 1), the scatter of stellar mass at
fixed dynamical mass builds up over time. The scatter in the SHMR
of centrals, on the other hand, only shows a slight increase in scatter
with increasing redshift, consistent with Pillepich et al. (2018b).

3.4 Dependence on environment and accretion history

In this section, we investigate the connection of satellites and their en-
vironment more closely. Since host mass is not the only property that

MNRAS 500, 3957–3975 (2021)



3964 C. Engler et al.

Figure 3. Top panel: Scatter in (logarithmic) stellar mass, σ ∗, as a function of total dynamical mass for centrals (blue curves) and satellites (red curves) in
TNG100 (solid curves) and TNG300 (dotted curves). The grey area denotes the resolution limit where the sample of centrals in TNG300 includes galaxies
with only a single stellar particle and the distribution of stellar mass is no longer fully sampled. Bottom left panel: Stellar mass scatter σ ∗ as a function of
total dynamical mass in TNG300 for centrals (blue curve) and satellites in different bins of host mass (orange to red curves). Bottom right panel: Scatter σ ∗ of
satellites in hosts of at least 1012 M� as a function of dynamical satellite mass at different redshifts: z = 0.0, 0.5, 1.0, and 2.0.

describes galaxy environment, we employ cluster-centric distance to
account for the varying strength of cluster potentials, infall times to
account for the period over which satellites have been exposed to
environmental influence, and a local luminosity density to account
for the immediate surroundings of satellites. Infall times correspond
to the first time satellites crossed the virial radius of their present-day
host halo’s main progenitor (see Section 2.2 for details).

Fig. 4 illustrates the SHMR of satellites in hosts of at least
1012 M� as a function of said environmental properties in TNG300.
Bins including at least five satellites are colour coded by their
respective median values of cluster-centric distance (top panel), time
of infall into their present-day host’s virial radius (middle panel),
and local luminosity density (bottom panel). Here, we show results
from TNG300 (without resolution correction) as we are focusing on
relative effects.

At fixed dynamical mass, galaxies with larger stellar mass fractions
reside on average closer to the cluster centre (where the host halo’s
gravitational potential is deeper), experienced an early infall into the
virial radius of their present-day host, and are located in areas of
higher local density. Lower stellar mass fraction satellites, on the
other hand, reside at higher cluster-centric distances, fell later into

their present-day environment, and inhabit regions of lower density.
They have been exposed to weaker environmental effects for a shorter
amount of time – and are closer to the distribution of central galaxies
in the SHMR. However, there is an additional bias with dynamical
mass for local luminosity density since more massive subhaloes
host more luminous objects. At the high-dynamical-mass end, the
correlation of stellar mass fractions with local density becomes less
pronounced. Black curves correspond to the average SHMR (solid
curves) as well as to the 16th and 84th percentiles (dotted curves)
of the satellites. Only a small fraction of satellites contribute to the
high stellar mass fraction tail, which can reach up to 50 per cent at
the low-dynamical-mass end.

We quantify the differences for satellite subpopulations in Fig. 5
and show the SHMR as a function of environment for TNG300
satellites at z = 0 in three bins of host mass: 1012–1013, 1013–1014,
and 1014–1015.2 M� (from left to right). At a given dynamical mass,
we divide the satellites into four quartiles with respect to each envi-
ronmental quantity and fit the model in equation (1) to the resulting
SHMRs. Thus, we are able to examine the relations of low- and high-
cluster-centric distance populations (magenta/orange curves), early
and late infallers (depending on host mass with respect to 2.5–4 Gyr
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Figure 4. SHMR of satellite galaxies in hosts of at least 1012 M� at z = 0 in
TNG300. We divide the SHMR into 2D bins and colour code bins that contain
at least five satellites by their median value of cluster-centric distance (top
panel), lookback time to the first infall into the virial radius of the satellites’
present-day host halo (middle panel), and local luminosity density for galaxies
within 0.1Rvir (bottom panel). Solid black curves show the medians in bins
of total dynamical mass with a width of0.5 dex, and dotted curves correspond
to 16th and 84th percentiles.

ago; blue/green curves), and satellites in low- and high-luminosity
density environments separately (yellow/brown curves). Further-
more, we include the average SHMR of centrals (solid grey curves),
as well as their 16th and 84th percentiles (dotted grey curves).

Clearly, the SHMR of satellite galaxies correlates with their
environment, with the overall scatter and the offsets of the respective
quartiles (low cluster-centric distance, early infall, and high local
luminosity density) increasing significantly with host mass. For all
hosts and all environmental parameters, even the satellite subsamples
that are subject to a weaker influence by their environment (i.e. high
cluster-centric distance, late infall, and low local density) already

feature a significant offset from the centrals’ SHMR. Peak stellar
mass fractions range from 3 per cent for late-infall satellites in both
1014–1015.2 and 1012–1013 M� hosts to 4 per cent for satellites in low-
luminosity density areas of 1013–1014 M� hosts. On the other hand,
satellites that have been subject to stronger environmental effects
(i.e. low cluster-centric distance, early infall, and high local density)
clearly exhibit even larger offsets from the SHMR of centrals,
increasing with host mass. Their SHMRs reach peak stellar mass
fractions ranging from 6 per cent for early infallers in 1012–1013 M�
hosts to up to 18 per cent for satellites in high-luminosity density
regions of 1014–1015.2 M� hosts. While local luminosity density
serves as a reasonable estimate of environmental impact in massive
clusters of 1014–1015.2 M�, these trends appear less regular in lower
mass groups and more sparsely populated environments.

4 I NTERPRETATI ON, TOOLS, AND
DI SCUSSI ON

4.1 Transition of satellite galaxies: tidal mass-loss versus
quenching

We can attribute the offset between the SHMRs of centrals and
satellites for the most part to tidal stripping of satellites in interactions
with the host halo’s gravitational potential and the loss of their dark
matter subhalo. Fig. 6 illustrates the effects of environment on total
dynamical mass as well as the stellar and dark matter components
of TNG100 satellites over time. We show the ratio of their masses
between z = 0 and the first infall into the virial radius of their present-
day host’s main progenitor for stellar (orange), dark matter (black),
and total dynamical mass (grey) in our fiducial aperture choice
(all gravitationally bound particles for Mdyn and MDM, all stellar
particles within two stellar half-mass radii for M∗). Furthermore,
satellites are divided by the mass of their host into bins of 1012–1013,
1013–1014, and 1014–1014.6 M� (increasing from left to right), as well
as divided by their stellar mass into bins of 109–109.5, 109.5–1010,
1010–1010.5, and 1010.5–1011 M� (from top to bottom). In this figure,
we illustrate the mass ratios for two different samples of satellite
galaxies: our fiducial satellite selection with present-day dynamical
mass of Mdyn,z=0 ≥ 1010.5 M� (empty histograms), and satellites
that reached a peak dynamical mass of Mdyn,peak ≥ 1010.5 M� at
some point throughout their lifetime (filled histograms). So the
latter sample additionally includes satellite galaxies with present-
day dynamical masses of less than 1010.5 M�.

For the most part, the mass ratios of dark matter and total
dynamical mass coincide with each other. Their distributions show
almost exclusively mass ratios smaller than unity, corresponding to
a net mass-loss due to tidal stripping of the satellites’ dark matter
subhaloes – regardless of stellar mass or host mass bins. While
it appears as if galaxies of larger stellar mass are subject to a
stronger degree of tidal stripping of dark matter and total mass
for our fiducial sample in the empty histograms, the higher mass-
loss tails are actually restricted by our initial subhalo selection of
Mdyn ≥ 1010.5 M�. The tidal mass-loss tails of our alternative sample
in the filled histograms, which include less massive satellites, all
have a similar extent irrespective of satellite stellar mass. For larger
satellite stellar masses in the bottom panels, the distributions of dark
matter and dynamical mass ratios of both satellite samples coincide
with each other. In these cases, tidal stripping did not put satellites
in the original selection below our selection limit.

The evolution of the satellites’ stellar mass component after infall
is dominated by star formation. Most satellites show a net mass gain
in stellar mass with mass ratios greater than unity. However, satellites
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Figure 5. SHMR as a function of environment and host mass in TNG300 at z = 0. Each row shows an environmental parameter (from top to bottom: cluster-
centric distance, infall time into the current host’s virial radius, and local luminosity density). Each column corresponds to a different host halo mass range
(from left to right: 1012–1013, 1013–1014, and 1014–1015.2 M�). Satellite galaxies are split into quartiles of low/high cluster-centric distance (purple/orange),
early/late infall (blue/green), and low/high local luminosity density (yellow/brown) within bins of total dynamical mass with a width of 0.7 dex. Solid curves
correspond to first and fourth quartiles, and dashed curves to second and third quartiles. Grey lines depict the SHMR of central galaxies as fits to the moving
averages (solid curves) as well as 16th and 84th percentiles (dotted curves) to account for scatter in the relation.

in the most massive stellar mass bin exhibit peak ratios below unity.
Black hole feedback might have already quenched these galaxies,
thereby removing their ability to add new stars. Stellar mass-loss
can then occur either due to stellar evolution or tidal stripping.
Furthermore, there is a clear shift with host mass: surviving satellites
in more massive hosts are prone to lose parts of their stellar mass
more easily. In cluster environments of 1014–1014.6 M�, roughly 40–
50 per cent of satellites show a net mass-loss in their stellar mass
components. However, since we only consider surviving satellites,
those in less massive hosts that lost a larger fraction of their stellar

mass since infall might simply have been disrupted. Satellites in more
massive hosts, on the other hand, can be more massive themselves
and can therefore lose a larger fraction of their stellar mass without
falling beneath sample or resolution limits. Similar trends also hold
for the alternative sample of surviving satellites that were selected
using their peak dynamical mass.

This picture is consistent with results from literature: Smith et al.
(2013) study the onset of stellar stripping. Using simulations of
galaxies interacting with the gravitational potential of a Virgo-like
cluster, they examine the remains of dark matter subhaloes at the
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Figure 6. Ratios of satellite mass between z = 0 and first infall for satellite galaxies in TNG100. We define infall as the first time a satellite crosses the virial
radius R200c of its present-day host. Mass ratios are shown for stellar (orange), dark matter (black), and total dynamical mass (grey) in our fiducial aperture
choice: all gravitationally bound particles for total dynamical and dark matter mass as well as all stellar particles within two stellar half-mass radii for stellar
mass. We show the distributions as a function of host mass across columns and satellite stellar mass across rows: 1012–1013, 1013–1014, and 1014–1014.6 M� in
host mass (from left to right), as well as 109–109.5, 109.5–1010, 1010–1010.5, and 1010.5–1011 M� in satellite stellar mass (from top to bottom). In addition to our
fiducial satellite selection with present-day dynamical mass of Mdyn,z=0 ≥ 1010.5 M� (empty histograms), we show the mass ratios for all surviving satellites
that reached a peak dynamical mass of Mdyn,peak ≥ 1010.5 M� at some point in their lifetime (filled histograms).

point when 10 per cent of the satellites’ stellar mass has been stripped.
Comparing various galaxy models, the loss of stellar mass set in only
after 15–20 per cent of the bound dark matter fraction was left.

Smith et al. (2016) follow these results up by investigating tidal
stripping of dark matter and stellar mass of low-mass satellites in
high-resolution cosmological hydrodynamical simulations. While
losing 70 per cent of dark matter to interactions with the cluster
potential, the stellar component remains unaffected. By the time
the satellite has been stripped of 84 per cent of its dark matter,

only 10 per cent of its stellar mass has been removed. This results
due to the larger extent of dark matter subhaloes (compared to the
galaxy itself). Comparing stellar-to-halo size-ratios and mass-loss
for extended and concentrated galaxies, both Smith et al. (2016)
and Chang, Macciò & Kang (2013) find concentrated galaxies to be
less likely to be stripped by their environment. In these galaxies, the
stellar mass resides deeper inside the subhalo, so a larger fraction
of dark matter has to be removed for it to be affected. While Smith
et al. (2016) find more massive galaxies to be more concentrated
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Figure 7. Left-hand panel: Distribution of infall times for satellite galaxies in TNG300. We present their accretion history as a function of host mass in bins of
1012–1013, 1013–1014, and 1014–1015.2 M� (orange to dark red curves). Solid curves correspond to satellite galaxies within their host’s virial radius, and dotted
curves to all satellites in the host’s FoF halo, i.e. within and outside the virial radius. Infall distributions were smoothed using a Gaussian kernel with an average
width of 0.3 Gyr. Right-hand panel: Ratios of satellite and central stellar mass fractions M∗/Mdyn as a function of host mass in TNG300. We show the relation
in different bins of infall lookback time: 0–1, 1–2, 2–4, 4–6, 6–8, 8–10, and 10–12 Gyr ago (green to blue curves).

than low-mass galaxies – and should therefore be able to retain more
of their stellar mass – galaxies in Fig. 6 exhibit the opposite trend.
Massive satellite galaxies in TNG100 are actually more likely to be
stripped of their stellar component than low-mass satellites.

Furthermore, Bahé et al. (2019) find similar trends considering
the mass-loss of galaxies. They studied the survival and disruption
of satellite galaxies in groups and clusters using cosmological zoom-
in simulations and find stellar mass to be stripped to a lesser degree
than total subhalo mass. Satellites tend to either retain a significant
fraction of their stellar mass or are disrupted completely (i.e. quickly).

4.2 Satellite SHMR shift as a function of host mass and infall
times

In Fig. 6, it does not appear as if there is a significant variation in
the strength of tidal stripping with host mass: Therefore, the cause
for the shift in the SHMR in Fig. 2 remains to be determined. If
the distribution of satellite infall times changes with host mass, the
dependence of the satellite SHMR shift with host mass may simply
reflect an effect of different typical infall times. We examine this in
the following section.

We present the infall distributions of TNG300 satellites – which
survive to z = 0 with at least 1010.5 M� in dynamical mass and
which are found at z = 0 within the virial radius of their host – in
three bins of host mass (1012–1013, 1013–1014, and 1014–1015.2 M�;
orange to red, solid curves) in the left-hand panel of Fig. 7. The
infall distributions are smoothed using a Gaussian kernel with an
average width of 0.3 Gyr. Interestingly, the distribution of accretion
times of surviving satellites is bimodal. This apparent bimodality of
infall histories arises due to backsplash galaxies (Yun et al. 2019).
After first pericentric passage, the orbits of satellites can still extend
outside their host’s virial radius. However, since we define satellites
to be within the virial radius, these galaxies are not part of our
sample while they would otherwise fill up the infall time distributions
at intermediate times (dotted curves). Regardless, the accretion of
satellites peaks over the last 2.5 Gyr with a smaller, secondary peak
5–7 Gyr ago. This secondary peak is shifted to earlier times for
satellites in more massive hosts; however, it is less pronounced for
satellites in group-like hosts of 1012–1013 M�. The infall times of

satellites that survive through z = 0 and now reside in lower mass
hosts span an overall smaller range of time, which could be a reason
why these satellite populations exhibit on average smaller deviations
from the centrals’ SHMR. Including satellites outside the virial radius
would not change our results nor the trends with host mass for the
SHMR or its scatter. In fact, they would reinforce the trends with
host mass in the left-hand panel of Fig. 2 by expanding the SHMR
shifts more significantly for satellites with larger dynamical mass.

The trends found above also hold when we consider an alternative
sample, i.e. selecting satellites that survive through z = 0 by their
peak instead of their present-day dynamical mass, as previously done
in Section 4.1 and Fig. 6. In this case, most satellites fall into their
present-day host environment’s progenitor earlier in time, with a
broader early infall time peak ranging between lookback times of
6–10 Gyr. Most early infallers in this alternative sample experience
a strong degree of tidal stripping, which brings them below the
dynamical mass limit imposed at present time for our fiducial satellite
sample. However, the trends with host mass are still the same, with
satellites in lower mass hosts exhibiting later infall times. On the other
hand, if we were to inspect the infall time distributions of all satellites
ever accreted – so including not only the present-day, surviving
satellite galaxies but also all satellites with a peak dynamical mass of
Mdyn,peak ≥ 1010.5 M� that have ever been accreted – the infall times
would appear somewhat differently. The infall distributions would
cover the same range in time regardless of host mass, with low-mass
hosts in fact peaking slightly earlier, rather than later, than more
massive ones, consistent with the trends of halo formation time with
halo mass. A significant fraction of satellites that fell in present-day
groups and clusters early on, 8–12 Gyr ago, have been disrupted
in the meantime. Therefore, the infall time distribution of surviving
satellites in Fig. 7 is biased towards more recent cosmic epochs.

While there is a shift in the distribution of surviving satellite infall
times with host mass, we still need to confirm whether this causes a
shift in stellar mass fractions with host mass as in the left-hand panel
of Fig. 2. Therefore, we further examine the combined dependence on
host mass and infall times in the right-hand panel of Fig. 7. This panel
depicts the ratio of stellar mass fractions M∗/Mdyn of satellites and
centrals as a function of host mass in different bins of infall lookback
time (0–1, 1–2, 2–4, 4–6, 6–8, 8–10, and 10–12 Gyr ago; green to
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Figure 8. Evolution of stellar and dark matter mass in our fiducial aperture choice (all gravitationally bound dark matter particles) from z = 1 to 0 in TNG300.
The blue curve corresponds to the SHMR for centrals at z = 1, and the red curve to the SHMR of satellites in massive cluster hosts of 1014–1015.2 M� at
z = 0. Shaded regions depict the scatter as 16th and 84thpercentiles. We choose centrals at z = 1 within a parameter space of MDM = 1011.3–1011.5 M� and
M∗ = 109.05–109.25 M�, MDM = 1011.9–1012.1 M� and M∗ = 1010.11–1010.31 M�, or MDM = 1012.7–1012.9 M� and M∗ = 1010.74–1010.94 M� (denoted by
grey boxes), and follow their evolution to z = 0. Median evolutionary tracks are shown separately for galaxies that stay centrals or become satellites: Centrals
are denoted by dots and satellites by crosses. The markers are colour coded by time, covering redshifts z = 1.0, 0.8, 0.6, 0.4, 0.2, and 0.0. Here, infall is defined
as the first time the subhaloes are considered members of another FoF halo (not infall into its virial radius R200c as for the rest of this paper). Grey shaded areas
correspond to the scatter of central and satellite evolutionary tracks as 16th and 84th percentiles.

blue curves). Generally, even at fixed infall time, satellites exhibit
an increasing offset from the SHMR of centrals with increasing host
mass – more massive clusters are in fact more efficient in driving
satellites to larger stellar mass fractions. However, there is also a clear
trend with infall time: The earliest infallers (10–12 Gyr ago) in the
most massive hosts can reach stellar mass fractions of up to a factor
of 100 larger than those of centrals. On the other hand, satellites
in the most recent infall time bins (0–1 and 1–2 Gyr ago) exhibit
significantly lower ratios of stellar mass fractions than satellites of
all other infall times. These galaxies have not yet spent enough time
inside their new host environment to have experienced extended
stripping or even a pericentric passage.

4.3 Evolution of centrals and satellites in the stellar mass
versus halo mass plane

In order to illustrate the differences in the evolution of centrals and
satellites, as well as the contributions of ongoing star formation
and tidal stripping in the host potential, we present the SHMR of
TNG300 as stellar mass versus dark matter mass and the progression
of galaxies between z = 1 and 0 in Fig. 8. Here, we consider dark
matter instead of dynamical mass in order to illustrate the impact of
tidal stripping on haloes directly. While gas stripping does occur –
especially for dwarf galaxies with larger gas fractions – it is negligible
compared to the loss of dark matter. As seen in Fig. 6, the distribu-
tion of dark matter mass-loss traces the distribution of dynamical
mass.

We consider the SHMR of centrals at z = 1 (blue curve)
and compare it to the SHMR of satellites in massive clusters of
1014–1015.2 M� at z = 0. At z = 1, we define various parameter
spaces in the SHMR (denoted by the grey boxes) and select two
disjoint sets of galaxies in each bin – depending on whether they stay

centrals or become satellites by z = 0. Their average evolutionary
tracks are depicted at z = 1.0, 0.8, 0.6, 0.4, 0.2, and 0.0 using median
stellar and dark matter mass at the respective points in time. Markers
show whether the galaxies are centrals (dots) or have become a
satellite as a member of another FoF halo (crosses).

Centrals remain undisturbed by the environment, grow more
massive in both stellar and dark matter masses, and evolve more
or less along the same z = 1 SHMR. The evolutionary tracks
of satellites, however, present a different picture: In the low- and
intermediate-mass bins, their dark matter growth is reduced and
halted even while they are still considered centrals. Their relatively
nearby, future host halo possibly already dominates the accretion of
dark matter since mass accretion for clusters persists out to several
virial radii (Behroozi et al. 2014). Star formation continues and
they begin to move off their original SHMR in an almost vertical
fashion.

In the massive bin, galaxies still evolve along the SHMR during
this first phase: Their star formation may be already quenched, in our
model via AGN feedback (e.g. Weinberger et al. 2017; Donnari et al.
2019, 2020b; Terrazas et al. 2020), and they primarily grow due to
mergers with other galaxies. However, as soon as galaxies become
satellites of a more massive halo, tidal stripping by the potential
of the new host removes the outer parts of the satellite galaxies’
dark matter subhaloes and dominates the transition to the SHMR of
satellites until z = 0 – irrespective of their dynamical or stellar mass.
The star formation activity of galaxies in the low- and intermediate-
mass bins decreases after infall. While the scatter for the evolutionary
tracks (grey shaded areas) is fairly broad with up to ∼0.3–0.4 dex
at fixed dynamical mass, the tracks of the 16th and 84th percentile
populations follow the same trends – shifted to lower or higher stellar
masses, respectively. This scatter might be introduced by different
orbital configurations or initial pericentric distances. However, we
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Table 5. Fit parameters to the SHMR of centrals and satellites in various bins of host mass using rTNG300, rTNG100, and TNG50 galaxies
and our fiducial aperture choice (all gravitationally bound mass for Mdyn, stellar mass within twice the stellar half-mass radius for M∗). We
follow the parametrization in equation (1), using normalization N, characteristic mass M1, and the slopes at the low- and high-mass ends β

and γ .

Mdyn (all grav.), M∗ (in 2R∗
1/2)

Sample Median Mhost (log M�) N M1 (log M�) β γ

Centrals 0.0258 ± 0.0003 11.70 ± 0.02 28.6 ± 0.8 10.4 ± 0.2
Satellites in 1012–1013 M� hosts 12.53 0.108 ± 0.003 11.12 ± 0.06 27.5 ± 2.9 15.6 ± 1.7
Satellites in 1013–1014 M� hosts 13.52 0.127 ± 0.008 10.85 ± 0.11 23.6 ± 6.1 10.1 ± 1.3
Satellites in 1014–1014.5 M� hosts 14.22 0.137 ± 0.004 10.93 ± 0.04 30.5 ± 3.6 10.9 ± 0.6
Satellites in 1014.5–1015.2 M� hosts 14.67 0.129 ± 0.006 10.85 ± 0.04 38.6 ± 7.2 9.5 ± 0.7
Satellites in 1012–1012.5 M� hosts 12.27 0.092 ± 0.010 11.17 ± 0.27 25.4 ± 8.8 16.4 ± 10.3
Satellites in 1012.5–1013 M� hosts 12.75 0.123 ± 0.004 11.00 ± 0.05 33.6 ± 3.5 15.3 ± 1.4
Satellites in 1013–1013.5 M� hosts 13.26 0.130 ± 0.003 11.12 ± 0.22 16.5 ± 5.8 13.2 ± 2.6
Satellites in 1013.5–1014 M� hosts 13.76 0.128 ± 0.009 10.76 ± 0.08 28.5 ± 7.8 9.3 ± 1.1
Satellites in 1012.5–1013.5 M� hosts 13.01 0.114 ± 0.005 10.88 ± 0.06 33.3 ± 5.4 10.5 ± 1.0
Satellites in 1013.5–1014.5 M� hosts 13.94 0.133 ± 0.005 10.86 ± 0.05 28.00 ± 4.3 10.4 ± 0.7

do not find significant stripping of stellar mass in the average satellite
evolution tracks (as already evident from Fig. 6).

Niemiec et al. (2019) found similar results in the Illustris simula-
tion: After infall, satellite galaxies in massive clusters can be stripped
of up to 80 per cent of their dark matter subhalo after spending 8–
9 Gyr in their host. Furthermore, these satellites continue to form stars
until they experience their first pericentric passage. They interpret the
shift in the SHMR of satellite galaxies to result from three different
phases: (i) loss of dark matter by tidal stripping and increase in stellar
mass by star formation, (ii) loss of dark matter and constant stellar
mass after quenching, and (iii) combined loss of dark matter and
stellar mass by tidal stripping. While we recover trends similar to
the first two phases for the transition of satellite galaxies, we do not
find a significant combined loss of dark matter and stellar mass for
TNG galaxies. These differences might arise due to different galaxy
formation models: Low-mass galaxies in Illustris have been found
to be too large by a factor of ∼2−3 in comparison to observations
(Snyder et al. 2015) and IllustrisTNG (Pillepich et al. 2018a). Due to
their increased extent, the stellar component of these galaxies may
become subject to tidal stripping more easily.

4.4 Tools and fitting functions

We provide a family of fitting functions for the SHMR in Il-
lustrisTNG. As for Fig. 2, these functions are constructed using
the combined sample of rTNG300, rTNG100, and TNG50. We
adopt the parametrization from Moster et al. (2010, 2013) as per
equation (1). We summarize the parameters for the best-fitting
models for dynamical and stellar masses in our fiducial aperture
choice (all gravitationally bound particles for Mdyn, stellar mass
within two stellar half-mass radii for M∗) in Table 5. Since satellites
in different environments form different SHMRs, Table 5 includes
variations of host mass range and bin sizes. In Appendix B, we
visualize how the fitting parameters vary with host halo mass.

4.5 Halo finder and resolution limitations

The results uncovered so far represent the outcome of the numerical
galaxy formation model as implemented in IllustrisTNG and it may
be that other cosmological simulations in the future will return
somewhat different quantitative (albeit – we believe – not qualitative)
solutions. In practice, also within the IllustrisTNG simulations, our
quantitative results may depend to some extent on the underlying

adopted identification tools as well as on the underlying numerical
resolution.

In what follows, we want to discuss the limitations and possible
tensions for the measurement of dynamical masses accomplished
thanks to the SUBFIND algorithm (Springel et al. 2001; Dolag et al.
2009). By using all gravitationally bound particles for the subhalo
masses, we rely on the way resolution elements (or particles) are
assigned by the halo finder to subhaloes and there may be physical
situations whereby such assignment can be difficult or problematic.
It should be noticed from the onset that, although SUBFIND defines a
subhalo as the collection of a certain minimum number of particles
that survive the unbinding procedure, the choice of 20 as the
minimum number of resolution elements per subhalo adopted here
cannot constitute an issue, as throughout the analysis we only
consider galaxies with minimum dynamical masses of 1010.5 M�
(i.e. at least many hundreds of particles for satellites even at the
lowest resolution adopted in this paper).

SUBFIND identifies substructure within a parent FoF halo as groups
of particles that form gravitationally self-bound, locally overdense
regions. Subhaloes in locations of generally higher density – such as
areas close to the centres of host haloes – could be misidentified or
have underestimated dynamical masses, with parts of their outskirts
being ascribed to their centrals. We avoid these regions by imposing
a minimum cluster-centric distance on our satellite sample: Only
satellites that are located at least 0.05R200c from their host’s centre are
included. However, we have verified that not imposing this minimum
cluster-centric distance does not change our results significantly.

Close objects might also lead to discrepancies. If two galaxies
are situated too near to one another – e.g. in a fly-by event – the
algorithm might run into problems separating them, since it only
probes for local overdensities. However, considering the statistical
size of our samples, we do not expect this to affect our findings.

Ayromlou et al. (2019) constructed an instantaneous technique
to identify additional member particles of subhaloes in their local
background environment. Using a Gaussian mixture method, they
classify background particles into two components depending on
whether particles share mean velocities and velocity dispersions
similar to the original subhalo. These particles are then reassigned
to the subhaloes in order to decontaminate the true background
particles. This results in a noticeable effect on the satellite stellar
mass function: Masses of subhaloes can increase by factors of 2 or
more. Mass changes are larger for more massive satellites and – at
fixed subhalo mass – larger for satellites in lower mass hosts.
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Generally, these possible uncertainties could be alleviated at once
by employing and comparing to another halo finder. 6D halo finders
such as ROCKSTAR (Behroozi et al. 2013) or VELOCIRAPTOR (Elahi
et al. 2019) additionally take velocity information into account to
identify substructures. This might yield different dynamical masses
for this study; however, we do not expect this to change the
qualitative trends in our results. While comparing the identification of
environmental effects and tidal stripping of satellite galaxies between
different halo finders might yield additional insights, it exceeds the
scope of this study.

While our galaxy sample seems relatively safe regarding limita-
tions in the identification of halo overdensities and substructures,
satellites might become subject to artificial disruption because of
the limited numerical resolution. When comparing our results across
all the resolution levels of the IllustrisTNG suite, we find some
dependence on numerical resolution, which is the reason why we
present our results after applying a resolution correction that is
gauged to reproduce quantitative results coherent with those from
our highest resolution realization: TNG50 (see Appendix A).

However, by studying the evolution of satellite dark matter
subhaloes in a series of idealized N-body simulations, van den
Bosch & Ogiya (2018) found most tidal disruption events to be of
numerical origin and that inadequate force softening (as that adopted
in typical cosmological large-volume simulations like TNG100 or
TNG300) can lead to overestimated mass-loss. However, a number of
caveats make it difficult to extrapolate these findings to more realistic
cosmological set-ups: Those results are based on dark matter-only
simulations (i.e. without contributions of baryonic effects), satellites
are bound to purely circular, infinitely long orbits, dynamical friction
is not accounted for, and the host halo is represented by a static
analytical potential. In fact, Bahé et al. (2019) relax some of
these concerns by studying the survival rate of satellite galaxies
in cosmological zoom-in simulations. According to their findings,
total disruption of satellites is negligible in massive clusters and pre-
dominantly occurs in lower mass groups and during pre-processing.
Furthermore, the disruption efficiency shows a strong correlation
with redshift: The fraction of surviving satellites decreases towards
earlier accretion times and is in any case physically negligible for
accretion times of z � 4. This is consistent with our findings in
Fig. 7. Furthermore, Bahé et al. (2019) find that while baryons
contribute to the degree of mass-loss satellite galaxies experience,
they only have a small impact on their actual rate of survival. Whether
subhaloes are artificially overstripped or completely destroyed might
correspond to different physical problems. While van den Bosch &
Ogiya (2018) focus on the possibly artificial, complete disruption
of subhaloes (i.e. overmerging), their results considering the actual
amount of mass stripped are reassuring within the context of ‘low-
resolution’ cosmological simulations. According to their fig. 10, the
first 99 per cent of material stripped from a subhalo is perfectly well
captured – also at the resolutions that are relevant here.

5 SU M M A RY A N D C O N C L U S I O N S

We have analysed the SHMR in the suite of cosmological magnetohy-
drodynamical simulations IllustrisTNG, using all three flagship runs
TNG50, TNG100, and TNG300. We distinguished between centrals
and satellites with total dynamical masses of Mdyn ≥ 1010.5 M�
and considered exclusively satellites in group- and cluster-like hosts
with Mhost = 1012–1015.2 M�. We have characterized the effects of
such environments on the evolution of galaxies, their surrounding
dark matter subhaloes, and the SHMR scatter as a function of
total dynamical mass. We have combined the results of all three

IllustrisTNG simulations to maximize the dynamic range and have
devised a resolution correction of the galaxy stellar masses that
extrapolates the TNG100 and TNG300 results to TNG50 resolution,
resulting in three sets of output with the same effective numerical
mass resolution. Our results are summarized as follows:

(i) The SHMR of satellite galaxies in groups and clusters of at
least Mhost ≥ 1012 M� exhibits a significant offset from the SHMR
of centrals (Fig. 1). At fixed z = 0 dynamical mass, satellites have
larger stellar masses and larger stellar mass fractions. This shift and
the scatter of the relation correlate with the mass of their host: For
example, satellites in hosts of 1014–1015.2 M� at z = 0 reach median
stellar mass fractions of up to 15 per cent at the SHMR’s peak,
while satellites in less massive hosts of 1012–1013 M� reach only
10 per cent (Fig. 2, left-hand panel). This is a significant difference
compared to centrals, which display a peak stellar mass fraction of
about 2–4 per cent.

(ii) This offset between the SHMRs of central and satellite
galaxies is the result of environmental effects that act in an outside-in
fashion. Since the inner galaxy regions remain largely unaffected by
their environment, the offset between the SHMRs of centrals and
satellites disappears if we measure masses within sufficiently small
physical apertures (Fig. 1, bottom panels).

(iii) The ratio of stellar mass between satellites and centrals as
a function of total dynamical mass for satellites within their host’s
virial radius R200c increases towards lower dynamical mass (up to a
factor of 16 at z = 0) and shows no significant evolution with time in
the range z = 0–2 (Fig. 2, right-hand panel). The tidal forces within
the host halo’s gravitational potential strip a significant fraction of
satellite subhaloes over relatively short time-scales.

(iv) While the scatter σ ∗ in (logarithmic) stellar mass as a function
of dynamical mass of both centrals and satellites follows the same
shape – roughly constant at 0.1–0.2 dex for dynamical masses above
the respective SHMR peak, and increasing towards the lower mass
end – satellites exhibit a higher scatter over the whole range of
dynamical mass (Fig. 3). However, the rise in scatter at low subhalo
masses is steeper for satellites than that for centrals since these
dwarf-like satellites are more susceptible to the impact of group and
cluster environments. Here, σ ∗ reaches up to 0.6–0.8 dex for the least
massive galaxies considered. The SHMR scatter of the mass-limited
sample of satellites increases continuously with increasing host mass.
Satellites with Mdyn � 1012 M� show no evolution with redshift. For
satellites of lower dynamical mass, however, the scatter decreases
systematically with increasing redshift – albeit only weakly (Fig. 3,
bottom right panel).

(v) At fixed z = 0 dynamical masses, satellites with higher
apparent stellar mass fractions tend to reside closer to the group
or cluster centre, experienced an earlier infall (both into the virial
radius of their present-day host and into another halo in general),
and inhabit higher local luminosity density regions than analogue
satellites with lower stellar mass fractions (Figs 4 and 5).

(vi) Infall into a more massive environment exerts distinct impacts
on the dark matter and stellar components of satellite galaxies
(Fig. 6). While dark matter mass is dominated by tidal stripping
and overall mass-loss – regardless of host mass or the satellites’
stellar mass – there is a significant net increase for stellar mass and
still ongoing post-infall star formation. However, the stellar mass
distribution shifts towards net mass-loss with both increasing host
mass and galaxy stellar mass. Tidal stripping of stars becomes more
efficient within the deeper potentials of massive galaxy clusters.
Since more massive galaxies might already be quenched pre-infall,
they show a less distinct net mass gain.
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(vii) More massive clusters are more efficient in driving satellites
to larger stellar mass fractions (Fig. 7). Satellites that survive through
z = 0 in lower mass hosts cover a smaller range of infall times
compared to satellite populations in more massive hosts – and
are therefore exposed to their host environment for a shorter time.
Furthermore, as noted above, satellites with earlier infall time have
been exposed to the cluster/group potential for a longer time and
generally exhibit larger SHMR offsets from central galaxies. Yet,
even at fixed infall time, the stellar mass fractions of satellites
exhibit an increasing offset with host mass compared to the SHMR
of centrals.

(viii) Considering the evolution of centrals into satellites in the
SHMR plane between z = 1 and 0 (Fig. 8), we find the transition
to be dominated by dark matter loss and tidal stripping after star
formation has been quenched by the infall into a more massive host.
However, even before the galaxies have become satellites they start
to move off the centrals’ SHMR due to a decreasing growth in dark
matter and continued star formation. Galaxies that stay centrals, on
the other hand, simply evolve along the SHMR (which evolves only
weakly at z < 1) and increase in both stellar and dark matter masses.

In conclusion, we have highlighted the influence of group and
cluster environments on the stellar and dynamical mass components
of satellite galaxies. Satellite galaxies selected at a given time with a
certain minimum dynamical or total mass do not simply contribute
to the scatter in the SHMR of central galaxies but form their own
distinct, separate relation. Whether they become satellites of a low-
mass group or a massive galaxy cluster, their SHMR shifts and
their scatter increases with respect to the SHMR of centrals. While
satellites might appear to be more efficient at forming stars when
compared to centrals at fixed total dynamical mass, this difference is
predominantly caused by tidal stripping of their dark subhaloes by
the gravitational potential of a more massive host halo.
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APPENDI X A: RESCALI NG STELLAR MAS S

In order to combine the statistics available in TNG300 with the im-
proved resolution of TNG100 and TNG50, we rescale stellar masses
as a function of dynamical mass by utilizing the differences between
simulation volumes and resolution levels. For similar approaches
and motivations, we refer the reader to Pillepich et al. (2018b) and
Vogelsberger et al. (2018, 2020).

While TNG100 (aka TNG100-1) was run at a baryonic mass
resolution of 1.4 × 106 M�, both TNG100-2 (the lower resolution
version of TNG100) and TNG300 employ a mass resolution lower
by a factor of 8 at 1.1 × 107 M�. TNG50 reaches a mass resolution
of 8.5 × 104 M� – higher than TNG100-1 by a factor of 16 (see also
Table 1 for more details on differences between simulation runs).

Fig. A1 illustrates the resolution effects on the SHMR as stellar
mass fractions as a function of dynamical mass for centrals (upper
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Figure A1. SHMRs at z = 0 within fiducial apertures, illustrating the deviations between simulation volumes and resolution levels (TNG300 in orange, TNG100
and TNG100-2 in blue, and TNG50 in green). We rescale stellar masses in TNG300 and TNG100 with respect to their host halo – i.e. separately for centrals
(top left) and satellites in hosts of 1012–1013 M� (top right), 1013–1014 M� hosts (bottom left), and 1014–1015.2 M� (bottom right). Dotted orange and blue
curves depict rescaled stellar masses for rTNG300 and rTNG100, respectively, i.e. resolution-corrected values (see the text for details).

left panel), as well as satellites in hosts of 1012–1013 M� (top right),
1013–1014 M� (bottom left), and 1014–1015.2 M� (bottom right). Solid
curves correspond to the original SHMRs of different simulation
runs: TNG300 (orange curve), TNG100-1 and TNG100-2 (thick and
thin blue curves), and TNG50 (green curve). It is reassuring that,
despite the different volume realizations and sizes, the outputs of
TNG100-2 and TNG300 are perfectly consistent.

Now, dotted curves depict the rescaled SHMRs for rTNG300 (or-
ange) and rTNG100 (blue), namely the resolution-corrected values
with the same effective numerical mass resolution as in TNG50. In
the following, we give more details on the procedure we adopt to
obtain them.

Overall, we follow the approach in Pillepich et al. (2018b). How-
ever, differently from there, since centrals and satellites in different
hosts form distinct SHMRs, we rescale them separately according to
their environment. However, due to the statistics available, we only
rescale stellar masses to TNG50 at low to intermediate dynamical
masses. At higher dynamical mass, we switch to TNG100 as a
reference, by, in practice, following a two-step procedure. First, for
rTNG300, we utilize the offset between TNG100-1 and TNG100-

2 to rescale the stellar masses in TNG300 to the resolution of
TNG100:

M∗(Mdyn; (r)TNG300)

= M∗(Mdyn, TNG300) · M∗(Mdyn, TNG100-1)

M∗(Mdyn, TNG100-2)
.

(A1)

Here, M∗(Mdyn, TNG100-1) and M∗(Mdyn, TNG100-2) corre-
spond to the average stellar mass at the respective dynamical
mass and resolution level. We apply this scaling in bins of total
dynamical mass to an upper limit. For centrals, this corresponds
to Mdyn = 1014 M�; for more massive centrals, the fraction in
equation (A1) is averaged for all centrals with Mdyn = 1013–1014 M�.
We proceed similarly with satellites: Satellites in 1012–1013 M� hosts
are rescaled according to equation (A1) up to Mdyn = 1012 M�,
while for more massive satellites the rescaling factor is averaged
over all satellites with Mdyn ≥ 1012.5 M�. For satellites in 1013–1014

and 1014–1015.2 M� hosts, we apply an upper limit of 1013.5 and
1013 M�. In order to rescale the massive end, we use the average
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rescaling factor for satellites with Mdyn ≥ 1012.5 M� in both host
mass bins.

Finally, we rescale stellar masses for galaxies at lower and
intermediate dynamical masses of both TNG300 and TNG100-1 to
TNG50, according to the offset between TNG50 and TNG100-1:

M∗(Mdyn; rTNG300)

= M∗(Mdyn; (r)TNG300) · M∗(Mdyn; TNG50)

M∗(Mdyn; TNG100-1)
,

(A2)

M∗(Mdyn; rTNG100)

= M∗(Mdyn; TNG100) · M∗(Mdyn; TNG50)

M∗(Mdyn; TNG100-1)
.

(A3)

As in equation (A1), both M∗(Mdyn, TNG50) and M∗(Mdyn,

TNG100-1) represent the average stellar mass at the dynamical mass
considered. We follow equations (A2) and (A3) up to dynamical
masses of 1012.2 M� for centrals, 1011.9 M� for satellites in hosts of
1012–1013 M�, and 1011.6 M� for satellites in hosts of both 1013–1014

and 1014–1015.2 M�. At larger dynamical mass, statistics in TNG50

become insufficient to continue the rescaling process in the same
way. In order to avoid a sharp drop in stellar mass to the level of
TNG100-1, we still include TNG50 galaxies at higher dynamical
masses. However, since galaxies in this mass range are subject to
sample variance, we only use the median stellar mass of all galaxies
within a larger dynamical mass bin of 0.7 dex to a power of 0.5.

APPENDI X B: FI TTI NG THE SATELLI TE S H MR
A S A F U N C T I O N O F H O S T M A S S

In Section 4.4, we provide fitting formulas for the SHMR of centrals
and satellites considering various bins of host mass. The dependence
of the four fitting parameters – normalization N, characteristic mass
M1, and the slopes at the low- and high-mass ends β and γ – on
host mass is illustrated in Fig. B1. Masses used in the SHMR are
measured in our fiducial aperture choice: all gravitationally bound
particles for Mdyn, and stellar mass with twice the stellar half-mass
radius for M∗.

Figure B1. Fit parameters for the satellite SHMR as a function of median host mass. We use equation (1) to fit the SHMR. This includes the normalization
N (upper left panel), characteristic mass M1 (upper right panel), and the slopes at the low- and high-mass ends β and γ (lower left and right-hand panel,
respectively). In order to illustrate their dependence on host mass, we show the fit parameters for satellites in different bins of host mass. Error bars correspond
to the respective fitting errors.
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