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ABSTRACT

Empirical models often rely on key relations from the galaxy—halo connection to construct mock galaxy catalogues. These relations
typically describe central galaxies (i.e. the main galaxy of a halo) more accurately than satellite galaxies, which are generally less
massive and orbit within larger haloes. Satellite galaxies are affected by a variety of physical processes that pose significant challenges
for modelling. In this work, we used MTNG, a state-of-the-art cosmological hydrodynamic simulation, to study the evolution of the
baryonic component of satellite galaxies. Using the merger trees from this simulation, we followed the evolution of all z = 0 satellite
galaxies, tracking their stellar mass, gas mass, and r- and U-band magnitudes. We characterised this evolution using proxies including
the fraction of subhalo mass and the remaining maximum circular velocity relative to infall, the pericentric distance, and the time since
infall. All of these quantities are commonly available in gravity-only simulations and can therefore be used to model these trends in
simpler galaxy population models. We find that the gas mass, which is well described by the remaining subhalo mass fraction, declines
much more rapidly than the other components, with satellites losing ~80% of their gas by the time the subhalo has lost half of its
total mass. By contrast, the evolution of stellar mass and magnitudes is slower overall and is better described by the reduction of the
satellite subhalo maximum circular velocity, v,,x. We additionally provide an analytical model for the evolution of these properties.
We then examine the evolution of the satellite mass profiles. We find that, although stripping is strongest in the outer regions, the
intermediate and inner parts of the satellites experience mass loss at early times. The results of this work can be used by empirical

models and galaxy formation models built on gravity-only simulations to improve their descriptions of satellite galaxies.
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1. Introduction

The standard A cold dark matter (ACDM) cosmological model
predicts that dark matter haloes grow hierarchically, with larger
haloes assembling largely through mergers with smaller haloes.
Following a halo merger, the galaxies originally associated with
the smaller haloes eventually merge with the central galaxy of
the larger halo (i.e. the galaxy at the centre of the halo, typi-
cally the most massive and brightest galaxy in the system) or be
disrupted, although these events do not immediately occur. This
scenario implies that massive haloes host multiple galaxies: one
central galaxy and several satellite galaxies. During their infall
into the host halo and over successive orbits, satellite galaxies
are affected by several physical processes, including starburst
episodes, tidal stripping, strangulation, and gas stripping, which
significantly alter their properties.

The properties of satellite galaxies, as well as their abun-
dance and distribution within their host haloes, are the result
of the cosmological model and the physics of galaxy for-
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mation. Galaxies form and evolve within dark matter haloes
(White & Rees 1978) until their host haloes merge with more
massive systems, and the frequency of such halo mergers
is set by the underlying cosmological model. Using N-body
simulations, we have learned that the positions and veloci-
ties of satellite galaxies are well approximated by those of
dark matter subhaloes in gravity-only simulations (i.e. dark
matter-only simulations, whose evolution is determined solely
by the cosmological model). This relation is one of the foun-
dations of the galaxy-halo connection and has led to the
development of the subhalo abundance matching (SHAM)
family of models, which are widely used to construct mock
galaxy catalogues (Vale & Ostriker 2006; Conroy et al. 2006;
Chaves-Montero et al. 2016; Contreras et al. 2021b).

However, although the dynamics of galaxies are expected
to be similar to those predicted by gravity-only simulations,
they are not identical. In Contreras et al. (2026), we studied the
impact of baryons on the positions and velocities of dark mat-
ter subhaloesusing the MillenniumTNG (MTNG) hydrodynamic
simulation (Pakmor et al. 2023; Hernandez-Aguayo et al. 2023),
finding differences of a few per cent in the mean distance to the
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halo centre and in the velocity dispersion of satellite galaxies.
Although this may appear to be a minor effect, Contreras et al.
(2026) predict that it leads to 10-20% variations in the cluster-
ing amplitude, corresponding to 1-30 for DESI-like errors on
small scales (i.e. below 1/4~! Mpc). In addition, the detectability
of satellite galaxies in observations depends on their baryonic
content. As satellite galaxies lose their gas and undergo quench-
ing, they can only be detected through observables linked to star
formation if they were accreted recently, producing a signifi-
cant detection bias towards the outskirts of their host dark matter
haloes (Orsi & Angulo 2018).

A good understanding of how the properties of satel-
lite galaxies evolve is crucial for improving empirical models
based on the galaxy-halo connection, such as the halo occu-
pation distribution (HOD; Jing et al. 1998; Benson et al. 2000;
Peacock & Smith 2000; Berlind et al. 2003; Zheng et al. 2005,
2007; Contreras et al. 2013; Guo et al. 2015; Contreras et al.
2017; Contreras & Zehavi 2023) and SHAM. These models are
widely used to characterise galaxy populations and to construct
mock galaxy catalogues that play a central role in the analy-
sis and interpretation of galaxy surveys (e.g. Rocher et al. 2023;
Yuan et al. 2024; Ortega-Martinez et al. 2025), survey design
and preparation (e.g. Smith et al. 2022), the construction of
covariance matrices (e.g. Manera et al. 2013, 2015; Lin et al.
2020), and even the inference of cosmological parameters (e.g.
Simha & Cole 2013; Contreras et al. 2023b; Mahony et al. 2026;
Ortega-Martinez et al., in prep.). The way satellite galaxies are
modelled in these mocks can significantly impact the resulting
clustering predictions, particularly in the non-linear regime and,
therefore, affect both cosmological and galaxy formation con-
straints derived from galaxy survey data.

In this work, we used the state-of-the-art hydrodynamic
MTNG simulation to study the evolution of the baryonic con-
tent of satellite galaxies. In the first part of this paper, we focus
on characterising the evolution of their stellar mass, gas mass,
and r- and U-band magnitudes. At both z = 0 and z = 1,
we describe the evolution of these satellite properties in terms
of subhalo properties, including subhalo mass loss, pericentric
distance (defined as the minimum distance between the satel-
lite and the host-halo centre), time since infall (defined as the
time elapsed since a galaxy was classified as a satellite), and
the remaining maximum circular velocity fraction. Some of
these subhalo properties are directly available in the gravity-
only simulations commonly used to construct mock galaxy cat-
alogues (e.g. Angulo et al. 2021), while others can be derived
from their merger trees. We parametrised several of these rela-
tions to provide empirical models with a more accurate descrip-
tion of satellite galaxies. Some of these properties, particularly
subhalo mass loss, have previously been linked to the evolu-
tion of satellite galaxies (e.g. Pefiarrubia et al. 2008; Smith et al.
2013, 2016; He et al. 2026) and have also been used in empir-
ical models of satellite evolution (e.g. Moster et al. 2020, who
used subhalo mass loss, and Behroozi et al. 2019, who used
changes in vp,x). Nonetheless, a systematic study that explores
the evolution of several galaxy properties as a function of mul-
tiple subhalo properties, while also assessing the performance
and limitations of these approaches, remains absent from the
literature.

In the second part of this paper, we investigate the evolution
of the mass profiles of satellite galaxies during their infall into
the host halo. We find that satellite galaxies lose their gas much
more rapidly than their other mass components, including gas
located in their central regions. We also find that, although strip-
ping is strongest in the outer regions, the intermediate and inner
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parts of satellites experience mass loss at early times (i.e. before
the galaxy is formally classified as a satellite).

The results of this work quantify and characterise the
evolution of both the amount and the spatial distribution
of mass in satellite galaxies and complement those of
Contreras et al. (2026), which measure the impact of baryons
on the positions and velocities of subhaloes. The trends iden-
tified in these studies can be incorporated into both empirical
galaxy—halo connection models, such as HOD and SHAM-
like models, and galaxy formation models built on gravity-
only simulations, such as semi-analytical models (SAMs;
Kauffmann et al. 1993; Cole et al. 1994; Somerville & Primack
1999; Bower et al. 2006; Lagos et al. 2008; Somerville et al.
2008; Benson 2010, 2012; Jiang et al. 2014; Croton et al. 2016;
Lagos et al. 2018; Henriques et al. 2020) and other empirical
approaches (Yang et al. 2003; Zheng et al. 2009; Cacciato et al.
2013; Guo et al. 2016; Behroozi et al. 2019; Moster et al. 2020)
to improve their description of satellite galaxies. These results
also help model the baryon distribution in the context of satellite
galaxies, thereby affecting lensing statistics.

The outline of this paper is as follows. Sect. 2 presents the
MTNG simulation and describes the galaxy and subhalo sam-
ples used in this work. Sect. 3 presents the evolution of the
baryonic content of satellite galaxies, and Sect. 4 shows the evo-
lution of their mass profiles. We conclude in Sect. 5. Appendix A
presents a parametrisation of the gas content of the central galax-
ies, which can be combined with the results of this paper to
predict the gas content of satellite galaxies. Appendix B exam-
ines the intrinsic differences between the central galaxies and
satellites shortly after infall, while Appendix C explores addi-
tional parametrisations of galaxy properties that may facilitate
their modelling in gravity-only simulations. Finally, Appendix D
provides an approximate assessment of the bias in satellite gas
masses introduced by the subhalo-finding procedure used in
MTNG through a comparison with TNG300.

Unless otherwise stated, masses are given in units of Kl
solar masses (h~! My) and distances in units of 4~ megaparsecs
(h~! Mpc). All logarithms are in base 10. The virial mass defini-
tion used in this work is m»gq., defined as the total mass of a halo
enclosed within a sphere whose mean density is 200 times the
critical density of the Universe. Throughout this work, the term
satellite galaxy refers to the full subhalo, including the associ-
ated dark matter subhalo and full gas content, rather than only
the central core composed mainly of stellar mass and cold gas.

2. Numerical simulations and galaxy samples

In this section, we present the MTNG hydrodynamic simulation
used in this work (Sect. 2.1) and describe the criteria used to
select galaxies in each sample for comparison (Sect. 2.2). These
samples define the baseline galaxy selections used throughout
the analysis.

2.1. The MTNG simulation

To quantify the evolution of satellite galaxy properties, we
require a hydrodynamic simulation with a large volume to
ensure robust statistics, as well as sufficiently high resolution
to resolve multiple satellites per halo even after they have
been stripped of most of their mass. One of the few sim-
ulations currently available with these characteristics is the
largest hydrodynamic run in the MillenniumTNG suite of sim-
ulations (Pakmor et al. 2023; Herndndez-Aguayo et al. 2023;
Barrera et al. 2023; Hadzhiyska et al. 2023b,a; Delgado et al.
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2023; Kannan et al. 2023; Bose et al. 2023; Contreras et al.
2023b). This suite comprises tens of gravity-only (usually
referred to as dark-matter-only, DMO) and hydrodynamic sim-
ulations, together with light-cone galaxy catalogues generated
using SAMs. The project extends the well-known Millennium
(Springel et al. 2005) and IllustrisSTNG (Nelson et al. 2018;
Springel et al. 2018; Marinacci et al. 2018; Pillepich et al. 2018;
Naiman et al. 2018; Nelson et al. 2019) projects in a direction
that enables accurate studies of the galaxy—halo connection
and of the impact of baryonic physics on clustering, particu-
larly over much larger cosmological volumes than previously
possible.

The main simulation used in this work is the largest hydro-
dynamic simulation in this suite, which we refer to as the MTNG
simulation. It has a periodic volume of (500 ~~! Mpc)? and con-
tains 4320° dark matter particles and an equal number of gas
cells, implying an average gas-cell mass of 2.00 x 107 A~! Mg
(and a similar initial mass for newly formed stellar particles) and
a dark matter particle mass of 1.12x 108 4~! M. The simulation
adopts a cosmology consistent with Planck Collaboration XIII
(2016)', identical to that used in the IllustrisTNG project.

The initial conditions for MTNG were generated by fixing
the amplitudes of the initial power modes to their expected root-
mean-square values (Angulo & Pontzen 2016), a procedure that
substantially reduces the impact of cosmic variance, at least
for second-order statistics. The simulation was evolved with
the moving-mesh code AREPO (Springel 2010), which includes
star formation, radiative cooling, the growth of supermassive
black holes, and the associated feedback from both supernovae
and active galactic nuclei (AGN). The haloes in this simula-
tion were identified using a FRIENDS-OF-FRIENDS (FoF) group
finder and a modified version of the SUBFIND-HBT substructure
finder (Springel et al. 2021), adapted from the Gadget4 code to
AREPO. In this implementation of the substructure finder, gas-
cell membership in satellite subhaloes is assigned using previous
subhalo membership to find possible candidates, analogously to
dark matter and star particles. Because gas cells in AREPO are
not strictly Lagrangian and can exchange mass across cell inter-
faces, this procedure can lead to a systematic underestimation
of the diffuse gas mass associated with satellites. This limitation
should be taken into account when interpreting the gas content
of satellite subhaloes in MTNG.

Galaxies form as agglomerations of star particles whose
properties can be measured directly from the simulation. Our
simulation includes 265 snapshots, spanning from z = 63 (when
the initial conditions were generated) to z = 0. The large number
of snapshots provides a unique opportunity to follow in detail
the infall of satellite galaxies, during which the relevant physical
processes occur on short timescales. However, only the group
and subhalo catalogues were available for most snapshots, while
particle data were accessible only for a limited number of key
outputs. In this work, we used the particle data at z = 0 to study
the mass profiles of satellite galaxies.

In Appendix B, we discuss matching the satellite galaxies in
the MTNG simulation to the subhaloes of a gravity-only simu-
lation from the MillenniumTNG suite with the same number of
dark matter particles, cosmology, initial conditions, and volume,
and run with the Gadget-4 code (Springel et al. 2021). We refer
to this simulation as MTNG-DMO. To match the catalogues, we
used the procedure described in Contreras et al. (2026), which
traces satellites back to the snapshot at which they were still cen-

L' Qum = 0.3089, Q, = 0.0486, og = 0.8159, n, = 0.9667, and h =
0.6774.

trals using the merger trees of the simulations, and then matches
the objects based on their mass and position.

2.2. Target galaxy samples

In this work, we used satellite galaxies selected at z = 0 and
traced them back through the merger trees to z ~ 13. We studied
the evolution of four properties: stellar mass, gas mass, r-band
magnitude, and U-band magnitude. The synthetic magnitudes
used in this work were taken from the MTNG group catalogues
and were computed by summing the luminosities of all stellar
particles assigned to each subhalo. The luminosity of each stellar
particle was computed from stellar population synthesis tables
(Bruzual & Charlot 2003) using its age, metallicity, and initial
mass, and then convolved with the corresponding photometric
filters. The U-band magnitudes are given in the Vega system,
while the SDSS r-band magnitudes are given in the AB system.
Since our analysis is based on the evolution of each magnitude
relative to its value at infall, this choice of absolute photomet-
ric zero-point does not affect the trends studied here. We did
not apply any additional dust attenuation correction. Galaxies
were selected within narrow ranges of host halo mass (n10c),
defined as the mass enclosed within a sphere whose mean den-
sity is 200 times the critical density of the Universe, and peak
subhalo mass (mpeak), defined as the maximum mass that a
subhalo reaches during its evolutionary history. In particular,
we selected galaxies in three peak-subhalo-mass bins spanning
10"-10"25 B~' M, each 0.5 dex wide, and in three host-halo-
mass bins spanning 10'27°-10'4%2 4=! M, also 0.5 dex wide.
A visual representation of the selected samples is shown in the
upper panel of Fig. 1. The coloured lines show the mean num-
ber of satellite galaxies per halo as a function of halo mass for
the mpe.x-selected samples. The vertical shaded regions represent
the additional halo-mass selection applied to the galaxy samples.
Each sample should therefore be understood as the subset of the
mpeak-selected galaxies that also lies within the corresponding
halo-mass bin.

The selection of galaxies as a function of mpe, is intended
to avoid biasing the sample by the galaxies’ evolutionary stage.
As we show in the next section, galaxy properties such as stellar
mass or magnitudes evolve after infall. In addition, over most of
the range considered, stellar mass strongly correlates with mpeq,
as shown in the bottom panel of Fig. 1, which presents the stellar
mass of satellite galaxies in the MTNG simulation as a function
of Mpeak -

3. The evolution of satellite galaxies
3.1. Evolution of the baryonic content in satellites

We examined the evolution of the stellar mass, gas mass, and r-
and U-band magnitudes of satellite galaxies. Figure 2 shows the
evolution of these properties for a representative satellite galaxy
with peak subhalo mass of mpeax ~ 1023 h~ ' M, orbiting within
a halo of mass mype ~ 1033 A~ Mg. In addition to the four
previously mentioned properties, we also show the evolution of
the star formation rate and the total subhalo mass of this galaxy,
which are often used to characterise satellite evolution. Each dot
represents the position of the satellite relative to the halo centre,
which is located at the centre of each panel. Each column shows
the evolution of a different property, as labelled, with the area
of each dot representing the value of the corresponding quan-
tity. The figure shows that properties such as stellar mass and
M, change only modestly over most of the satellite’s lifetime,
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Fig. 1. Satellite HOD and stellar-mass relation. Top panel: The solid
lines show the satellite HOD for galaxies in the MTNG simulation
selected by peak subhalo mass, i.e. the maximum subhalo mass reached
by each galaxy during its evolutionary history, while the dashed black
line shows all subhaloes with peak subhalo mass above 10'' A~! M.
The vertical coloured bands correspond to the halo-mass selection used
throughout this work. Bottom panel: The solid line shows the median
stellar mass of satellite galaxies as a function of peak subhalo mass,
while the shaded regions represent the 16th and 84th percentiles. The
vertical coloured bands correspond to the peak-subhalo-mass selection
used throughout this work.

with stronger evolution occurring at later stages. This is because
stellar mass is concentrated in the inner regions of the satel-
lite and is strongly gravitationally bound, which largely protects
it from the stripping processes experienced by the subhalo as
it moves through the host halo’s hot gas and tidal field. It is
expected that properties that are closely linked to stellar mass,
such as red-band magnitudes, will also follow a similar evo-
lutionary trend. By contrast, the gas and dark matter are less
tightly bound and are more spatially extended, causing them
to lose most of their mass during the first pericentric passages,
when the tidal field experienced by the satellite is strongest (e.g.
Stiicker et al. 2023; Aguirre-Santaella et al. 2023). The gas con-
tent declines more abruptly than the total mass, with virtually no
gas left bound to the satellite before the galaxy completes its sec-
ond orbit around the host. Finally, we note that the star formation
rate also declines rapidly, but exhibits a strong starburst episode

A179, page 4 of 21

around the time of pericentric passage, clearly visible in the Y-Z
plane (middle row). Here, ram-pressure compression could tem-
porarily enhance star formation before quenching. This effect is
also reflected in the evolution of My, which shows a temporary
decrease (i.e. an increase in luminosity), since the U band is sen-
sitive to both the stellar mass of the galaxy and its star formation
rate.

We aimed to quantify the evolution of larger galaxy sam-
ples. To do so, we used the criteria described in Sect. 2.2, which
select galaxies according to their host halo mass and peak sub-
halo mass. Figure 3 shows the evolution of the stellar mass, gas
mass, and r- and U-band magnitudes (first, second, third, and
fourth rows, respectively) as a function of four quantities: the
ratio of the current subhalo mass to its infall value, the peri-
centric distance normalised by the comoving virial radius of
the host halo, the time since infall, and the ratio of the cur-
rent maximum circular velocity to its infall value. We defined
Umax = Max VGM(< r)/r as the total mass in the central regions
of subhaloes, which should hence be interpreted as a subhalo
property rather than a direct measure of galaxy kinematics.
These quantities were chosen because they characterise differ-
ent aspects of satellite evolution and are commonly available in
both hydrodynamic and gravity-only simulations.

The remaining subhalo mass fraction can be readily obtained
in simulations with merger trees and is expected to correlate with
the gas mass of galaxies, since both the gas and the dark matter
are spatially extended throughout the subhalo. This correspon-
dence is not exact, however, because gas stripping is additionally
affected by ram pressure. This quantity has been used to study
the evolution of stellar mass in satellite galaxies (e.g. Smith et al.
2016; He et al. 2026) and to model it in semi-empirical models
such as EMERGE (Moster et al. 2020) and in early versions of
the empirical model SHAMe (Contreras et al. 2021b).

The pericentric distance, defined as the minimum distance
of the galaxy from the halo centre, has been suggested to be
related to episodes of rapid mass loss, both in total mass and gas
mass, as well as to quenching processes, since tidal forces are
expected to be strongest near pericentre (e.g. Gnedin et al. 1999;
Wright et al. 2022; Stiicker et al. 2023). This picture is consis-
tent with the evolution of the individual galaxy shown in Fig. 2.
To facilitate the stacking of many satellites, we normalised this
distance by the comoving virial radius of the host halo. The peri-
centric distance is relatively straightforward to compute in any
simulation with merger trees, but its value will always be an
upper limit to the true value because of the finite number of
snapshots, unless higher-order interpolation between snapshots
is performed (for example, in spherical coordinates). This can
become a significant limitation in simulations with poor tem-
poral resolution, but not in MTNG, where, as shown in Fig. 2,
the large number of snapshots makes this calculation sufficiently
accurate.

The time since infall is perhaps the most direct way to char-
acterise the evolution of a satellite galaxy. Although its precision
also depends on the temporal resolution, the associated error is
easier to estimate than that of the pericentric distance, which is
sensitive to the orbital speed of the satellite galaxy. This quantity
is also used by the latest version of the empirical model SHAMe
to model the fading of satellite galaxies (Contreras et al. 2023a).

The final quantity we used to characterise satellite evo-
lution is the remaining maximum circular velocity fraction
(Vmax /Umax.infain)- It 1s well known that vp,, is strongly cor-
related with stellar mass, and for this reason it is com-
monly used in the construction of mock catalogues within the
SHAM framework (e.g. Chaves-Montero et al. 2016). Unlike the
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Fig. 2. Illustration of a satellite with mge ~ 10'%° h~! M, infalling into a halo of ~10'3° 4~' M, at z = 0. The solid circles show the satellite’s
position relative to the halo centre. The size of each dot scales with the stellar mass, gas mass, star formation rate, and subhalo mass (in the first,
second, fifth, and sixth columns, respectively), and with the difference in the r- and U-band magnitudes (in the third and fourth columns), relative
to their values at the moment of infall. The larger dotted circle represents one virial radius (r00c)-

subhalo mass fraction, vp,x is primarily sensitive to the cen-
tral regions of the subhalo and therefore requires higher res-
olution to be measured accurately, since a larger number of
particles per subhalo is needed to achieve good precision. This
quantity is used by semi-empirical models such as UniverseMa-
chine (Behroozi et al. 2019) to describe the evolution of satellite
galaxies. An additional limitation of using vy, as a proxy for
satellite evolution is that, in hydrodynamic simulations, stellar
particles eventually contribute to the calculation of vp,x, artifi-
cially enhancing part of the correlation between these two prop-
erties. As previously shown when matching hydrodynamic and
gravity-only simulations, a tight correlation between these quan-
tities is expected (Chaves-Montero et al. 2016). Moreover, as
shown in Fig. 3, the stellar mass of galaxies does not follow a
monotonic relation with vy, SO we do not expect this contam-
ination to dominate the trends presented here. Nevertheless, we
warn the reader that this is an additional limitation of using vpax.

The way galaxy properties evolve varies from case to case.
The stellar mass of satellite galaxies increases significantly after
infall, by around 30%-50%, depending on both the mass of
the original galaxy and that of the host halo. By contrast, the
gas mass decreases much more rapidly than the stellar mass
changes. This behaviour is not captured when the evolution is
parametrised in terms of vp,y, since a large fraction of the gas
is lost while vy,x remains nearly constant, thereby washing out
the trend. The magnitudes in both bands evolve in all the cases
we consider and follow broadly similar trends to each other,
although the U-band magnitude fades more rapidly (i.e. My
increases faster) than the r-band magnitude. We note that the
evolution of the magnitudes is not expected to follow the stellar-
mass evolution in a one-to-one manner. Although red-band lumi-
nosities have a strong correlation with stellar mass in a statistical
sense, their evolution also depends on the stellar population age,

metallicity, and star-formation history. This dependence is par-
ticularly relevant for satellite galaxies, for which environmen-
tal processes can suppress star formation and modify the stellar
mass-to-light ratio without producing an equivalent change in
the total stellar mass. For this reason, we model the stellar-mass
and magnitude evolution separately.

We find that all the subhalo properties considered can reason-
ably capture the evolution of the galaxy properties studied. That
said, some appear to be more suitable than others for describing
the evolution of specific galaxy properties. In the case of stel-
lar mass, only the change in vy, is able to trace the decrease
in stellar mass down to values below 50% of those at infall,
while doing so with only weak dependence on galaxy sample
and host halo mass. As mentioned above, this quantity strongly
correlates with a galaxy’s total stellar mass, as it is determined by
the mass distribution in the subhalo’s central regions. When the
stellar mass evolution is characterised by this subhalo property,
we find only a weak dependence on host halo mass, which facil-
itates the use of these trends in models of satellite galaxy evolu-
tion. A mild dependence on host halo mass is seen only for the
lowest-mpe, sample, where the trend deviates for galaxies in the
most massive host haloes. In this subhalo sample, galaxies can
contain as few as 20 stellar particles (~4 x 10° 1~! M), mean-
ing that the results are strongly affected by resolution limits. As
discussed above, the use of vy, can itself be limited by the res-
olution of the simulation, which may explain why this disagree-
ment is less evident when the evolution is characterised in terms
of the other subhalo properties. The other samples with the same
Mpeak but different host halo masses show similar results. For this
reason, we do not investigate this difference further, but never-
theless show the results to make the reader aware of the limita-
tions of using vmax as a proxy for galaxy evolution. In addition
to the maximum circular velocity, changes in the subhalo mass
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Fig. 3. Evolution of the stellar mass, gas mass, and r- and U-band magnitudes of satellite galaxies at z = O respectively shown as a function
of the remaining subhalo mass fraction (first column), pericentric distance (second column), time since infall (third column), and the remaining
maximum circular velocity fraction (fourth column). The different colours represent different host halo masses, while the different line styles
represent different peak subhalo masses, as labelled. For simplicity, we show different halo masses only for the intermediate-m,,c sample. The

shaded region represents the 16th and 84th percentiles of the distribution.

also capture the evolution of stellar mass, although less smoothly
than vpax.

For the gas mass, we find that the best way to characterise
its evolution is by using the remaining subhalo mass fraction.
When expressed as a function of this property, the relation shows
only a small scatter and a weak dependence on the galaxy sam-
ple chosen. These characteristics make the remaining subhalo
mass fraction an ideal candidate for modelling this galaxy prop-
erty. Small differences between galaxy samples appear only once
the galaxy has lost more than 80% of its gas mass. Another
subhalo property capable of characterising this evolution is the
time since infall, although it shows larger scatter and a stronger
dependence on the galaxy sample. We do not find that either
pericentric distance or vy, iS able to capture the evolution of
this galaxy property. In the case of pericentric distance, the evo-
lution of individual galaxies shows that satellites begin to lose
gas soon after becoming satellites. Since galaxies become satel-
lites at different virial radii, owing to differences in the shape
and mass of the host halo, it is difficult to model a single overall
trend for all galaxies. This limitation, however, does not preclude
the usefulness of pericentric distance for modelling the evolution
of satellite properties but rather indicates that it becomes more
difficult to characterise a heterogeneous galaxy sample drawn
from different host haloes. In the case of vp.x, changes in this
quantity occur only after galaxies have already lost a consider-
able amount of gas and total mass, which makes it unreliable
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as a proxy for modelling the evolution of this property. We also
examined the evolution of the total baryonic content (stellar mass
plus gas mass), which evolves similarly to gas mass but with
more universal trends (i.e. no significant differences between
galaxy samples) when expressed as a function of subhalo mass
(not shown here). As discussed in Appendix D, the diffuse gas
mass assigned to satellite subhaloes in MTNG may be systemat-
ically underestimated. The absolute gas-mass scale should there-
fore be interpreted with caution. Nevertheless, comparison with
TNG300 (Nelson et al. 2018; Springel et al. 2018) suggests that
the overall trend is preserved, so this relation still provides a use-
ful description of the relative evolution of satellite gas content.
All the subhalo properties considered can describe the evo-
lution of the magnitudes. When expressed as a function of the
remaining subhalo mass fraction, the magnitudes show the great-
est scatter among the different parametrisations but still provide
a good description of their evolution, with galaxies becoming
gradually fainter as the mass fraction decreases. When expressed
as a function of pericentric distance, the magnitudes remain
roughly constant out to about half the comoving virial radius
and then begin to evolve smoothly. When expressed as a func-
tion of time since infall, galaxies tend to maintain their magni-
tudes for 1-2 Gyr and then become fainter, with their magnitudes
changing linearly with time. Finally, when expressed in terms of
the vmax ratio, galaxies exhibit almost linear evolution with low
scatter and show no major differences across different galaxy
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samples. Although the evolution of M, and My, differs in detail,
their evolutionary trends are similar, which facilitates their
modelling.

We examined the evolution in other photometric bands and
find qualitatively similar trends. Bluer bands are more sen-
sitive to recent star formation, as blue, luminous, high-mass
stars evolve off the main sequence much more rapidly than
their redder, fainter, lower-mass counterparts. As the gas con-
tent declines and star formation is suppressed, galaxies become
progressively fainter and redder, giving rise to the trends iden-
tified in this work. A more detailed discussion is provided by
Chaves-Montero & Hearin (2020, 2021).

We also examined the evolution of satellite properties at
z = 1 (Fig. 4). We find trends similar to those at z = 0, with
the main exception of those expressed as a function of time since
infall. In addition, the stellar mass tends to increase slightly more
at z = 1 than at z = 0. Despite this difference, the overall agree-
ment between the two redshifts suggests that these trends may be
largely universal and could therefore be used in models of satel-
lite evolution independently of the infall redshift of the galaxies.

Regarding the scatter in these relations, as discussed in
Appendix B, the stellar and gas masses of satellite galaxies
are correlated with the large-scale environment, which likely
contributes to the scatter in these relations. This scatter is also
expected to depend on other secondary halo properties, such as
concentration or halo age, which may influence the evolution
of both central and satellite galaxies (e.g. Zehavi et al. 2018;
Artale et al. 2018). A more detailed analysis of the physical ori-
gin of this scatter could further improve our understanding of
satellite evolution and will be addressed in future work.

3.2. Modelling the evolution of satellite galaxies

Most of the relations presented in the previous section can be
used to some extent to model the evolution of satellite galaxies.
Although some trends show lower scatter, weaker dependence
on the galaxy sample or host halo mass, and are easier to model,
no single proxy provides an optimal description of all galaxy
properties. For this reason, we present the full set of relevant
relations identified in this work, allowing the choice of proxy to
depend on the specific scientific goal. To facilitate the modelling
of these properties, we provide a parametrisation for each galaxy
property that can be used to describe satellite evolution.

These parametrisations can be combined with known rela-
tions between galaxy and halo properties for central galax-
ies, providing an initial value for each galaxy property. Using
these initial values, the subsequent evolution can be modelled
as satellites fall into their host haloes. For instance, SHAM has
been shown to perform well when associating halo properties
with galaxy properties, particularly for quantities such as stel-
lar mass or M,. In the case of My, a more complex abundance-
matching prescription may be required, such as that proposed
by Ortega-Martinez et al. (2024, 2025). Appendix A provides a
parametrisation for the gas mass that can be used to assign an
initial value to central galaxies by characterising their gas mass
as a function of vy,x.

The key relations we parametrised are the evolution of gas
mass as a function of the remaining subhalo mass fraction, and
the evolution of stellar mass and magnitudes as a function of the
remaining maximum circular velocity fraction. These relations,
together with their corresponding parametrisations, are shown in
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diate mpeax sample (11.5 < log(mpeak/h‘1 My) < 12.0). Other
galaxy samples show trends similar to those shown here. The
decrease in the gas mass was modelled as a shifted and rescaled
rational function:

Mgas

max

6]

Mgags, infall

X
O A= TV
where x = mgy, /minfan, and A, B, and y are free parameters. A
simpler parametrisation, x/[x + A(1 — x)?], is also able to repro-
duce this trend, although with some limitations at gas fractions
below 0.2. As a reference, the best-fitting parameters for the
log(mzooc/h‘1 My) = 13.5 sample are A = 6.0 + 04, 8 =
1.17 £ 0.03, and y = 0.021 + 0.006.

We emphasise, however, that this parametrisation was cal-
ibrated to the gas masses assigned to satellite subhaloes in
MTNG. As discussed in Appendix D, its absolute normalisation
should be interpreted with caution, although comparison with
TNG300 suggests that the overall shape of the relation remains
reasonably robust.

For the stellar mass, we modelled its evolution as a power
law with an exponential decay:

_ A ~B(1-»)
- <A+ 1 —x)e :

Mgtell

@)
Metell, infall
where X = Unax /Vinfail, and A and B are free parameters. We tested
other, more complex parametrisations, but they did not yield sig-
nificant improvements unless the number of free parameters was
increased substantially. As a reference, the best-fitting parame-
ters for the 1og(m200C/h‘1 M) = 13.5 sample are A = 16.7 + 5.1
and B = 1.22+0.19. Other parametrisations available in the liter-
ature (e.g. Smith et al. 2016; He et al. 2026) focus primarily on
the decay of stellar mass, typically modelled as an exponential
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masses, as labelled.

decline, and do not capture the increase in stellar mass that we
find after infall.

Finally, we modelled the change in magnitude as a linear
decay with a negative power law:

AM =M - Miyear = —A(1 — ), 3)
where X = Unmax /Vinfall, and A and B are free parameters. We also
tested an even simpler form, a linear decay AM = —-A(l — x),

which provides a reasonably good description over the full
Umax Tange. As a reference, the best-fitting parameters for the
log(magoe/h™' M) = 13.5 sample are A = 4.8 + 0.1 and B =
0.85 +0.02 for the r band, and A = 7.8+ 0.8 and B = 0.71 £0.06
for the U band. All fits assume a constant uncertainty for each
data point, scaled such that the best fit yields a reduced chi-
squared equal to one. The best-fitting parameters for all the main
z = 0 samples, together with the scatter and RMS residuals of the
fits, are provided in Appendix E.

The choice of the best subhalo parameter for modelling these
galaxy properties was based on the overall performance and
ease of use described in the previous section. Nevertheless, the
most suitable subhalo property for characterising a given galaxy
property may depend on the specific scientific application. In
Appendix C, we examine the performance of the parametri-
sations described in this section when applied to other sub-
halo properties, finding that they can reproduce the evolution of
galaxy properties in most cases. We also provide an additional
parametrisation valid across all halo masses, and show that these
relations remain valid at z = 1. These results should facilitate
the implementation of analytic models to follow satellite evolu-
tion in gravity-only simulations across a broader range of scien-
tific applications. The additional parametrisation also provides
a better fit to the stellar-mass evolution, reducing some of the
residuals seen in Fig. 5. In particular, the simple model does not
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reproduce all the details of the relation, and small systematic
residuals remain at high and low values of vyax /Vinfan. We nev-
ertheless kept the simpler parametrisation as our default model,
since the more flexible form substantially increases the number
of free parameters, is not forced to recover the correct normali-
sation at infall, and is more likely to capture simulation-specific
features. The simple model should therefore be interpreted as a
compact description of the median trend as opposed to a high-
precision fit to all the features of the MTNG relation. A more
detailed analysis of the dependence of these trends on peak sub-
halo mass and host halo mass, and of the dependence of higher-
order parameters on the scatter of these relations, could provide
even more accurate predictions; however, this lies beyond the
scope of the present paper.

4. The evolution of the mass profile of satellite
galaxies

In the previous section, we quantified and modelled the evolu-
tion of satellite galaxy masses and magnitudes as they fall into
their host haloes. We now turn to the evolution of the mass pro-
files of their different components. Since the binding energy is
highest in the central regions of galaxies, mass loss is expected
to begin in the outer parts of their subhaloes, primarily remov-
ing dark matter and gas, and only affecting the stellar compo-
nent once the galaxies have already lost most of their mass (e.g.
Cortese et al. 2021). This picture is consistent with the results
in Sect. 3.1, with the exception that galaxies lose most, if not
all, of their gas much faster than they lose their dark matter.
We expect the diffuse outer gas to be stripped more efficiently
than the dark matter because, although both components are sub-
ject to tidal stripping (Tormen et al. 1998; van den Bosch et al.
2018), only the gas is affected by ram pressure, which can effi-
ciently remove weakly bound material once the external pressure
exceeds the local gravitational restoring force (McCarthy et al.
2008, see also Ayromlou et al. 2021).

In Fig. 6, we show the evolution of the mass profiles of
satellites with 11.5 < log(mpeak/h™' M) < 12.0 and 12.0 <
log(mpeak/h‘1 My) < 12.5 as a function of distance from the
galaxy centre, for the dark matter, gas, and stellar mass com-
ponents at z = 0. We express the distance from the galaxy cen-
tre in units of the comoving virial radius of the satellites at the
moment of infall, which facilitates stacking galaxies that fell
in at different times. Stacking was performed independently of
host halo mass, since we did not find significant differences in
the mass profiles across halo masses. Although more massive
haloes provide a more hostile environment, selecting satellites
by their mgup /Mpeax Tatio allows us to compare galaxies at a sim-
ilar evolutionary stage, largely independently of host halo mass.
We do not include the lowest-mpe, galaxy sample because the
number of particles per object is low, especially for the stel-
lar mass component. The y-axis represents the total mass in a
spherical shell (i.e. we do not normalise by the shell volume).
The different coloured lines represent the mgyp /Mpeax bins. This
ratio is similar to mgy, /mintan and allows us to characterise the
evolution of the profiles independently of the definitions of cen-
tral and satellite galaxies. We group galaxies in bins of 0.2 in
Mgub/Mpeax (as labelled). We also include a galaxy sample with
Msub/Mpeak > 0.97, which represents satellites shortly after infall,
as well as the mass profile of central galaxies.

In agreement with the results in Sect. 3.1, we find that the
gas component is the first to be removed, initially from the outer
regions and later from the inner ones. The dark matter compo-

nent shows a similar behaviour, but on a slower timescale. The
stellar mass component first increases and only later begins to
decrease, and it is not yet clear whether this stripping proceeds
from the outside in or follows a more complex behaviour. These
trends are shown more clearly in Fig. 7, where we present the
ratio of the different subhalo-mass-ratio samples to the 0.8 <
Mgup /Mpeak < 1 sample. We do not use the sample of satellites
shortly after infall for the denominator, since it is noisier because
of its limited number of galaxies. It is important to note that,
although most of the mass is lost from the outer regions, there
is a continuous loss of gas in the central regions. This suggests
that the simple picture in which mass is removed smoothly from
the outside in provides a useful approximation in many cases
but does not fully capture the complexity of satellite evolution.
The figure may also indicate that dark matter is stripped from
the central regions, although this could partly reflect the fact that
the dark matter mass profiles do not fully converge to unity on
the scales shown here (see Stiicker et al. 2023 for a discussion of
this issue).

When comparing the evolution of the two satellite samples
selected by mipear, we find overall qualitative agreement in how
galaxies lose dark matter and gas but not in how their stellar
mass component evolves. Lower-mass galaxies show a more pro-
nounced increase in stellar mass, peaking at around 10% of their
virial radius. Only when the subhalo mass has fallen significantly
does the stellar mass begin to decrease. The more massive sam-
ple loses mass first from the outer regions and later from the inner
ones, while the less massive sample shows no clear trend. The
overall good agreement between the results for the two galaxy
samples, except for the stellar mass component, which contributes
only a small fraction of the total subhalo mass, suggests that the
way satellite galaxies lose mass may be largely independent of
the masses of the satellite and the host halo. Unfortunately, given
the limited number of samples that can be studied because of the
resolution and volume limitations and the fact that we can exam-
ine only one galaxy formation prescription, we cannot generalise
this result to a universal relation. A more detailed study of satellite
evolution in other simulations is left for future work.

In addition to the evolution of satellite galaxies, Fig. 6 also
reveals differences between the profiles of satellites shortly after
infall and central galaxies. These results are independent of
the normalisation adopted for the distance to the galaxy cen-
tre, as well as of the bin width in mg/mpea. These differ-
ences arise because central galaxies are intrinsically different
from satellites, even shortly after infall, with centrals having
more gas and less stellar mass, consistent with the results of
Contreras et al. (2015) for SAMs and He et al. (2026) for hydro-
dynamic simulations. This may be partly related to the fact
that, at z = 0, more concentrated haloes tend to reside in
denser environments, an effect known as halo assembly bias (e.g.
Gao et al. 2005; Gao & White 2007), and these environments are
also known to host more massive and less star-forming galaxies
(e.g. Zehavi et al. 2018; Artale et al. 2018). By selecting mas-
sive satellite galaxies, as done in this work, we selected objects
in denser environments than those associated with a less-biased
sample of central galaxies. The differences between centrals and
satellites are particularly pronounced for the gas component. Part
of this difference also arises because satellites reach their peak
gas mass 0.5-1 Gyr before they reach their peak subhalo mass,
and up to 2 Gyr before they become satellites. This suggests that
the infall process, and therefore gas stripping, begins earlier than
implied by the moment at which the galaxy is formally classified
as a satellite, while the subhalo may still increase in mass, proba-
bly owing to interactions with the outer regions of the host halo it
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Fig. 7. Ratios of satellite mass profiles. This figure is similar to Fig. 6, but shows the ratio of the profiles to the 0.8 < Mg /Mpeaxc < 1 sample.

will eventually merge into. Since gas loss is abrupt, with galax-
ies losing most of their gas within 2-3 Gyr after infall, satel-
lites may already have lost a considerable fraction of their gas
before they are classified as satellites or before they reach their
peak subhalo mass, which may explain the behaviour seen in
Figs. 6 and 7. This result suggests that, for some applications,
the usual central—satellite classification may not be ideal. Empir-
ical models such as HODs rely entirely on this classification and
generally do not distinguish between the overall central popula-
tion and centrals that are about to become satellites. Our results
therefore suggest that a more conservative definition of satellite
galaxies, in which systems are classified as satellites at earlier
times, may be required. Although the focus of this paper is not
the intrinsic differences between central and satellite galaxies,
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Appendix B includes a more detailed analysis of the origin of
the differences discussed in this section.

5. Summary

In this work, we examined the evolution of the masses and mass
profiles of satellite galaxies in the cosmological hydrodynamic
MTNG simulation. We first identified satellite galaxies at z = 0
and traced them back to z ~ 13. We quantified the evolution
of their dark matter mass, stellar mass, gas mass, and their r-
and U-band magnitudes as a function of the ratio of the current
subhalo mass to its value at infall (mgy/minean), the pericentric
distance, the time since infall, and the ratio of the current maxi-
mum circular velocity to its value at infall (Umax/Vintan) (Fig. 3).
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All of these quantities can be obtained from gravity-only simu-
lations with merger trees and can therefore be used to model the
evolution of galaxy properties in these simpler simulations. The
main findings of this part of the work are as follows:

— The stellar mass increases as the satellite evolves, and only
begins to decrease once the galaxy has lost a substantial frac-
tion of its subhalo mass or maximum circular velocity. We
find that the remaining subhalo mass fraction and the maxi-
mum circular velocity ratio can both be used to characterise
stellar mass evolution.

— The gas mass decreases abruptly as the satellite evolves, with
most of the gas mass lost once the galaxy has lost only about
half of its total subhalo mass. The remaining subhalo mass
fraction and the time since infall provide the best characteri-
sation of this evolution, with the former showing lower scat-
ter. As discussed in Appendix D, the absolute gas-mass scale
should nevertheless be treated with caution, as the gas masses
assigned to satellite subhaloes in MTNG may be biased low.

— The magnitudes in both bands are reasonably well described
by all the tested proxies. Both bands follow similar trends,
although the U-band magnitude fades faster than the r-band
magnitude.

— The trends found at z = O are largely consistent with those
found at z = 1, suggesting that they may be broadly univer-
sal and therefore applicable to models of satellite evolution
across different infall redshifts (Fig. 4).

Most trends show little dependence on the peak subhalo mass of
the galaxies or on the mass of their host haloes. The vy, ratio
is found to be particularly insensitive to these selections in most
cases, with the exception of the gas, for which the remaining
subhalo mass fraction appears to be the least sensitive proxy.
These results suggest that simple parametric models can capture
the main median trends of satellite evolution.

We provided simple parametrisations for the evolution of the
baryonic properties studied in this work, with the aim of mod-
elling satellites using empirical and semi-empirical models as
well as SAMs. We characterised the evolution of stellar mass
and magnitudes as a function of vyax /Vintanl, and the evolution of
gas mass as a function of mgyy/ming. We find that these rela-
tions can be described reasonably well with only two or three
free parameters, although systematic residuals remain in some
regimes (Fig. 5). These parametrisations can be combined with
a simple subhalo abundance-matching prescription to assign ini-
tial galaxy properties before satellite infall, thus enabling the
assignment of galaxy properties to subhaloes in gravity-only
simulations. To complement this framework, Appendix A pro-
vides a parametrisation for assigning gas mass to central sub-
haloes in gravity-only simulations, since this property is not well
characterised by the standard subhalo abundance-matching for-
malism. We note, however, that due to the intrinsic differences
between standard centrals and centrals shortly before becoming
satellites, or satellites shortly after infall (Appendix B), this step
may require additional adjustments to perform optimally.

‘We then focused on the evolution of the dark matter, stellar
mass, and gas mass profiles of satellites at different evolutionary
stages. We selected galaxies at z = 0 with different ratios of the
current subhalo mass to the maximum subhalo mass reached dur-
ing their evolutionary history (msup/Mpeak), for two galaxy sam-
ples defined by their m,e,k values (Figs. 6 and 7). Since we found
similar trends across different host halo masses, we stacked all
galaxies together to maximise the statistical power of the results.
The main findings of this part of the work are as follows:

— In agreement with the results shown in Fig. 3, we find that
the gas mass is lost much faster than the total subhalo mass,

whereas the stellar mass increases as the satellite evolves and

only later begins to decrease, once most of its subhalo mass

has been lost.

— The loss of all mass components begins preferentially in the
outer regions of the galaxy, and as the satellite evolves, mass
loss extends progressively towards the inner regions.

— A significant fraction of the gas mass does not follow this
simple trend, with a continuous loss of mass occurring at all
radii.

— While the mass profiles differ between the two mpea Sam-
ples, the ratio of the profiles of satellites in a late evolution-
ary stage to those of satellites shortly after infall is similar for
the gas and dark matter components, which together account
for most of the subhalo mass.

— The stellar-mass profiles show clearer differences between
the two m1,eax samples, mostly owing to the different starburst
episodes experienced by satellites after infall.

The overall agreement in the evolution of the gas and dark mat-
ter components suggests, once again, that the internal mass pro-
files of satellite galaxies could be parametrised relatively easily if
needed. That said, the limited number of galaxy samples studied
in this work, together with the use of a single galaxy formation
model, strongly limits our ability to make stronger claims about
the universality of satellite evolution. Nevertheless, the trends
identified here suggest that these relations could be recalibrated
for different galaxy formation models and used to improve the
modelling of satellite galaxies.

In Contreras et al. (2026), we studied how baryons alter the
orbits of satellite galaxies, then quantified and parametrised the
changes in the positions and velocities of galaxies relative to
the subhaloes of gravity-only simulations. The results of the
present work extend those findings by providing a more com-
plete picture of how galaxies evolve after becoming satellites.
In future work, we plan to incorporate the results of both stud-
ies into the extended subhalo abundance matching (SHAMe;
Contreras et al. 2021a,b) model to improve clustering predic-
tions in the non-linear regime. In addition, the differences in the
mass profiles will be used in the BACCO baryonification model
(Arico et al. 2020, 2021; Arico & Angulo 2024; Burger et al.
2026) to further improve the precision of baryonification emula-
tors. These results will also be used to extend the range of valid-
ity of galaxy—galaxy lensing modelling to smaller scales, such as
the GalaxyEmu emulator (Contreras et al. 2023b; Mahony et al.
2026) and the model by Zennaro et al. (2025), as well as to
improve the prescriptions for the satellite contribution to the
kinetic Sunyaev Zel’dovich signal (see e.g. McCarthy et al.
2025).
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Fig. A.1. Gas fraction of central subhaloes in the MTNG simulation,
normalised by €y,/Q, as a function of the peak value of the maximum
circular velocity reached by each galaxy during its evolutionary history
(i.e. Vpear)- The solid coloured line represents the median of the distribu-
tion, while the shaded region represents the 68th percentile. The dashed
black line represents the fit to this distribution (see Appendix A for more
details).

Appendix A: Modelling the gas content of central
galaxies

In Sect. 3.2, we present a parametrisation for the evolution of
satellite properties as a function of subhalo properties avail-
able in gravity-only simulations. These parametrisations can be
used by empirical, semi-empirical, and SAMs to improve their
description of satellite galaxies. These relations are expressed as
the ratios of stellar mass and gas mass to their values at infall,
and as changes in the magnitudes. Modelling these evolutions
therefore requires an initial value for these properties at the time
when the galaxies were still centrals. For stellar mass and the
magnitudes, a subhalo abundance-matching formalism can be
used, in which a halo property such as halo mass or vy, is rank-
ordered and matched to the expected stellar mass or magnitude
distribution. Subhalo properties such as peak subhalo mass and
peak maximum circular velocity can also be used, although for
central galaxies they may not yield a significant improvement in
performance. In the case of the U-band magnitude, a more com-
plex abundance-matching prescription, such as that proposed by
Ortega-Martinez et al. (2024, 2025), may be required to model
this property accurately.

The only property that cannot be fully modelled with a stan-
dard abundance-matching formalism is the total gas mass. We
expect the total gas mass, normalised by the subhalo mass, to
be close to Qy,/Qy, which corresponds to the maximum bary-
onic mass available within the halo. The difference between this
approximation and the true value arises from the stellar-mass and
black-hole-mass components, which are expected to be subdom-
inant, and from gas that has been expelled or redistributed by
feedback processes. We express this ratio as a function of vy«
rather than subhalo mass, since we find that the corresponding
relation shows slightly less scatter, although in practice either
quantity could be used. We note that related cold-gas scaling

relations for central galaxies have been studied in the context of
disc gravitational instability (Romeo 2020; Romeo et al. 2020).

To facilitate the implementation of this relation in galaxy
population models, which are usually built on gravity-only simu-
lations, we characterise the gas-to-subhalo-mass ratio as a func-
tion of the vy of the matched haloes in the MTNG-DMO
gravity-only simulation. We perform the halo matching between
the two simulations by identifying pairs of objects with similar
positions and masses. To ensure a clean selection, we use only
haloes that are matched bidirectionally, i.e. haloes for which an
object in the hydrodynamic simulation is matched to an object
in the gravity-only simulation, and for which that same object in
the gravity-only simulation is in turn matched back to the origi-
nal halo in the hydrodynamic simulation.

The gas fraction of central galaxies in the MTNG simulation
at z = 0 is shown in Fig. A.1. This relation shows a local peak
at about vyax ~ 200 kms™!, which corresponds to a halo mass of
~ 10'2 h~'"M,, the scale at which AGN feedback becomes effi-
cient. The gas fraction then decreases before rising again, reach-
ing values close to the cosmological baryon fraction. This shape
is similar to that found in other hydrodynamic simulations (e.g.
Schaye et al. 2023), suggesting that, although the relation may
differ across galaxy formation models, the same fitting func-
tion could still be used after recalibrating its free parameters.
We parametrise this relation as the sum of a Gaussian, which
reproduces the first peak, and an error function, which models
the subsequent increase:

f(x) =c+Ag(x)+ Bs(x), (A1)

where x = 1og(vmax /kms™), ¢ is a constant, and g(x) is a Gaus-
sian:

9(x) = exp H (%)z] , (A2)
while
s(x) = % [1 + erf(x ;x’ )] (A3)

is the error function. This form successfully reproduces the rela-
tion between gas fraction and v, over the full vy« range. The
best-fitting parameters are c, A, u, o, B, x,, and w = 0.167, 0.249,
2.254,0.122, 0.505, 2.677, and 0.168.

As discussed in Sect. 4 and as discussed in Appendix B, there
are intrinsic differences between central galaxies and satellites
shortly after infall, with the latter population potentially provid-
ing a more appropriate starting point for modelling satellite evo-
lution. We therefore also examine the gas-mass ratio for these
galaxies and fit Equation (A.1), finding the best-fitting parame-
ters to be ¢, A, u, o, B, x;, and w = 0.140, 0.319, 2.248, 0.122,
0.797, 2.68, and 0.132. To match satellites shortly after infall to
the dark matter haloes in the gravity-only simulation, we use the
method developed in Contreras et al. (2026), which consists of
tracing satellites back to the point at which they were still cen-
trals and had a subhalo mass equal to 80% of the peak subhalo
mass they would eventually reach, and performing the matching
at that redshift.
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Fig. B.1. Stellar and gas masses of centrals and satellites shortly after
infall. Top panel: The solid black line and the shaded regions correspond
to the median of the distribution for central galaxies and the 16th and
84th percentiles, respectively. The orange line shows the median stellar
mass for all satellite galaxies, while the blue line shows only satellites
with mgy, /mpeac > 0.97 (representing satellites shortly after infall). Bot-
tom panel: The same comparison is shown for gas mass normalised by
peak subhalo mass. The lower panel in each figure shows the ratio of
the coloured lines to the black line (central galaxies).

Table B.1. Timing of the peak masses relative to infall.

1011'5 < mpeak/h_lMG < 1012 Mgub Migtell Mgas
tpeak — linfall [Gyr] 068 -291 1.81

Zpeak — Zinfall 0.11 -0.37 0.33

102 < mpeak/h_lM@ < 10125 Mgub Mgtell Mgys
tpeak — tinfall [Gyf] 0.45 -2.17 1.96

Zpeak — Zinfall 0.07 -0.23 0.36

Notes. The difference in look-back time and redshift between the infall
time of the satellite galaxies and the time at which they reach their peak
subhalo mass (i.e. Mmyeqi ), peak stellar mass, and peak gas mass is shown.
A positive (negative) value indicates that the corresponding peak mass
was reached before (after) the galaxy became a satellite.
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Fig. B.2. Halo bias in the MTNG-DMO simulation. The halo bias is
computed as the ratio of the halo—matter cross-correlation function to
the theoretical matter correlation function. The dotted and dashed lines
show the biases of the haloes in the lower and upper 20% of the con-
centration distribution, respectively, in bins of halo mass (i.e. the con-
centration halo assembly bias). The shaded regions correspond to the
bins in mye, used in this work, which should approximately map onto
similar halo-mass ranges.

Table B.2. Mass evolution around infall.

1011'5 < mpea.k/h_lMo < 1012 Mgup Mgtell  Mgas
to = tinfan

(Am/At) [My/yr] Centrals 44.82 0.66 3.13

(Am/At) [Mp/yr] Satellites  75.53 1.92 -1.56

to = tinfan — 0.5 Gyr

(Am/At) [Mp/yr] Centrals  46.25 0.68 3.38

(Am/At) [Mg/yr] Satellites  79.80 1.95 3.17

1012 < mpeuk/hilMO < 10125 Mgup Mgtell  Mgas
to = tinfan

(Am/At) [My/yr] Centrals 135.16 2.44 5.38

(Am/At) [My/yr] Satellites 266.83 6.23 2.01

to = tipran — 0.5 Gyr
(Am/At) [My/yr] Centrals
(Am/At) [M,/yr] Satellites

140.15 2.61 5.95
258.17 6.63 7.54

Notes. The mean changes in total subhalo mass (), stellar mass
(mgen), and gas mass (mg,,) for central and satellite galaxies around the
time of infall are shown. The mass changes are computed over two six-
snapshot windows (~ 0.5 Gyr each) for the two most massive samples
used in this work: one between the time of infall and ~ 0.5 Gyr before
infall, and another between ~ 0.5 and ~ 1 Gyr before infall. A positive
value indicates that the corresponding property increases towards infall.

Appendix B: The differences between central
galaxies and satellites shortly after infall
In this appendix, we investigate the origin of the differences

in stellar mass and gas mass between standard central galaxies
and satellites shortly after infall. In Sect. 4, we find that central
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Fig. B.3. Stellar and gas masses as a function of environment. Top
panel: The solid black line and the shaded regions correspond to the
median of the distribution for central galaxies and the 16th and 84th
percentiles, respectively. The dashed and dotted lines represent central
galaxies in haloes residing in the 20% most and least dense environ-
ments, respectively. The environmental classification is based on the
individual bias-per-object and is performed in logarithmic bins of halo
mass. Bottom panel: The same comparison is shown for gas mass nor-
malised by peak subhalo mass.

galaxies have less stellar mass and more gas than satellites
shortly after infall, defined here as satellites with mgp/mpeac >
0.97. These differences are particularly pronounced for the
gas component, for which central galaxies contain substantial
amounts of gas in the outer regions of their haloes, whereas satel-
lites shortly after infall lack it.

We quantify these differences in Fig. B.1, where we show the
median stellar mass and gas fraction as a function of mpea. The
black shaded region corresponds to the 16th and 84th percentiles
of the distribution for central galaxies, and the coloured verti-
cal shaded region corresponds to the mpc.i selection used in this

work. In terms of stellar mass, satellites shortly after infall have
40%—-60% more stellar mass than the average central galaxy; at
the same time, they can be up to 60% less massive than the aver-
age satellite galaxy at z = 0. For the gas fraction, the relative
difference between central galaxies and satellites shortly after
infall is about 20%—50%.

We identify two main causes for the differences in the prop-
erties of these two galaxy populations. The first is the effect of
environment: satellite galaxies typically reside in denser envi-
ronments than central galaxies. The second is that centrals
shortly before infall already exhibit an evolutionary behaviour
similar to that of satellite galaxies several hundred Myr before
they are formally classified as satellites.

B.1. Large-scale environment

Since more massive haloes exhibit a stronger cosmological bias,
i.e. they reside in denser environments, and mergers occur more
frequently in such environments, it is expected that satellite
galaxies also inhabit denser environments than central galaxies
of similar mass even before infall. The galaxy population differs
across environments even at fixed halo mass, an effect known
as occupancy variation. In Zehavi et al. (2018) and Artale et al.
(2018), the authors show that galaxies hosted by haloes of the
same mass have higher stellar masses in denser environments,
consistent with the results found in this paper. This effect is
caused by the correlation between large-scale environment and
secondary halo properties, such as halo concentration, which
are themselves correlated with the galaxies they host; this is
commonly referred to as halo assembly bias (Gao et al. 2005;
Gao & White 2007; Contreras et al. 2019).

In the context of halo assembly bias, low-peak-height
haloes, i.e. low-mass haloes at fixed redshift and cosmology,
are expected to be more biased when they are more concen-
trated. This is shown in Fig. B.2, which presents the halo bias
measured in the MTNG-DMO simulation for all haloes, as
well as for the upper and lower 20% in concentration, in bins
of halo mass. Following Contreras et al. (2021c), we compute
the halo assembly bias as the ratio of the halo-matter cross-
correlation function for haloes in a given mass bin to the the-
oretical matter correlation function. To minimise the impact
of non-linearities and cosmic variance on the cross-correlation
measurement, we compute the clustering on scales between 6
and 20 h~'Mpc and average this ratio over those scales. The
cross-correlation function was computed using the public code
CORRFUNC (Sinha & Garrison 2019), while the theoretical mat-
ter correlation function was obtained from the HALOFIT fitting
function (Takahashi et al. 2012), applied to the linear power
spectrum from CLASS (Lesgourgues & Tram 2011), and then
Fourier-transformed into configuration space.

As in the previous figures, we highlight in Fig. B.2 the
halo-mass ranges that approximately correspond to the peak-
subhalo-mass cuts used to classify galaxies in this work. While
the halo mass in the gravity-only simulation does not map per-
fectly onto the peak subhalo mass of its hydrodynamic counter-
part, we expect only minor differences in the halo selection for
central galaxies. A halo with higher concentration is expected
to host a central galaxy with higher stellar mass and lower star
formation rate, which is related to its gas mass (see Zehavi et al.
2018 for a more detailed discussion). We also note that, in agree-
ment with the differences between central galaxies and satellites
shortly after infall found in this work, the differences between
the high- and low-concentration samples decrease with increas-
ing halo mass.
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Fig. B.4. Mass profiles of centrals in dense and underdense environments. This figure is similar to Fig. 6, but for centrals in the 20% densest and
least dense environments. The environmental classification is based on the individual bias-per-object and is performed in logarithmic bins of halo

mass.

To quantify the impact of the large-scale environment on the
properties of central galaxies, we show in Fig. B.3 the median
stellar mass and gas mass normalised by peak subhalo mass
as a function of peak subhalo mass for central galaxies living
in the 20% densest and least dense environments. To compute
the environment, we use the individual bias-per-object method-
ology (Paranjape et al. 2018), which effectively measures the
bias of an individual object. In agreement with expectations,
we find that centrals in denser environments have more stel-
lar mass and less gas than centrals in less dense environments,
although the environmental effect is weaker than the difference
shown in Fig. B.1. The same conclusion can be reached from
Fig. B.4, which shows the mass profiles of centrals living in the
densest and least dense environments. Again, centrals in denser
environments have more stellar mass and less gas than those
in less dense environments. The differences are concentrated
mainly around the peaks of each profile and in the outer regions,
similarly to the differences found between central galaxies and
satellites shortly after infall, although with a smaller amplitude
(Fig. 6). It is possible that the environment is not itself the direct
cause, but rather traces another effect that drives part of this
difference, or that it is only partially responsible for the trends
found in this work. That said, among the two baryonic quantities,
stellar mass appears to be more strongly affected by environment
than gas mass, whereas gas shows larger differences between
central galaxies and satellites shortly after infall. This may indi-
cate that environmental effects are not the only drivers of these
differences.

B.2. Pre-evolution of central galaxies

Another effect responsible for the differences between central
galaxies and satellites shortly after infall is the evolution of cen-
tral galaxies before they become satellites. If centrals begin to
be affected by a nearby halo before the time they are formally
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identified as satellites, it is possible that both their mass compo-
nents and their internal mass distribution have already changed
significantly by the time of infall. To test this hypothesis, we
measure the times at which satellite galaxies reach their peak
subhalo mass (sometimes referred to as the time of mpe.x), stel-
lar mass, and gas mass, and compare them with the time of infall
(Table B.1). We find that, for the two most massive samples con-
sidered in this work, both the peak subhalo mass and the peak
gas mass are reached before the galaxy becomes a satellite. This
implies that mass loss begins before the galaxy is formally clas-
sified as a satellite. It is important to note that the time at which
a galaxy reaches its peak gas mass precedes the time at which
it reaches its peak subhalo mass. This picture suggests that, as
a galaxy approaches a more massive halo and begins to inter-
act with the outer regions of the host halo, it can still increase
its total mass through accretion while its gas is already being
stripped.

To build a more general picture of the evolution of cen-
trals before they become satellites, we measure the change in
mass as a function of time for both central and satellite galax-
ies (Table B.2). The mass changes are computed over two six-
snapshot windows (~ 0.5 Gyr each): one between the time of
infall and ~ 0.5 Gyr before infall, and another between ~ 0.5
and ~ 1 Gyr before infall. We find that satellite galaxies show
a larger increase in total mass than central galaxies, by about
60%—-100%, in both time windows and across both galaxy sam-
ples considered. The stellar mass also shows a larger increase,
even more pronounced than for the total mass, by about 250%—
280%. This suggests that interaction with the nearby halo may
trigger the conversion of cold gas into stars, which could also
help to explain the differences found between central galaxies
and satellites shortly after infall. Finally, for the gas compo-
nent, we find that its evolution changes significantly as infall
approaches. During the period between 1 Gyr and 0.5 Gyr before
infall, the increase in gas mass is relatively similar for centrals
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and satellites, although this still corresponds to only a modest
increase for satellites, since during the same period their sub-
halo masses grow faster than those of central galaxies. In the last
0.5 Gyr before infall, the gas mass barely increases for the more
massive satellite sample, while the less massive sample already
begins to lose gas. These trends are the same as those found
for satellite galaxies elsewhere in this work, strongly suggesting
that centrals begin to behave similar to satellites well before they
are formally classified as such. We would like to highlight that
these mass variations exhibit large scatter and that these num-
bers should be used only to understand satellite evolution, not
for modelling unless a more dedicated study is performed.

We find that both the environmental differences and the dis-
tinct pre-infall evolution of centrals shortly before becoming
satellites are linked to the differences between central galax-
ies and satellites shortly after infall. The results presented here,
however, cannot disentangle the correlation between these two
effects, nor determine whether other processes also contribute to
these differences. A more extensive study of this issue would be
of clear interest, but lies beyond the scope of this paper. In future
work, we plan to investigate the main cause of these differences
in more detail. The conclusions of such a study would not only
improve our understanding of galaxy formation physics, but also
help refine the construction of mock catalogues and potentially
clarify some aspects of halo assembly bias.

Appendix C: Additional parametrisations

In this section, we show how the parametrisations presented in
Sect. 3.2 perform when other subhalo quantities are used. In
Fig. C.1, we show the evolution of the stellar mass and the r-
and U-band magnitudes as a function of mgyp /Minsan for galaxies
with 11.5 < log(mpeak/h‘lMo) < 12.0. We do not include the
evolution of the gas mass, since that property is already shown
in Fig. 5. The remaining subhalo mass fraction is more com-
monly used to describe satellite evolution, as it tends to be more
readily available than v,y /Vintan. We find that, by using the same
parametrisation as for vmax /Vinfal, We can recover the evolution of
most properties almost perfectly. The only property that presents
some difficulty in the modelling is the stellar mass. In this case,
we are not able to reproduce the abrupt decrease in stellar mass
that occurs when mgyp/mipgay ~ 0.1. Although such a feature
could be expected (Errani et al. 2022), we warn the reader about
possible contamination in the calculation of the remaining sub-
halo mass due to the presence of stellar particles in the core of
the galaxy, which are absent in gravity-only simulations.

We then test the parametrisations when modelling the evo-
lution of galaxy properties as a function of time since infall.
This quantity does not share the limitation of being computed
from the mass distribution within the subhalo, as is the case for
Msub/Minfal AN Umax /Vinan, Which may differ between hydrody-
namic and gravity-only simulations because, in the former, bary-
onic particles and cells, especially stellar particles, contribute to
the inner mass distribution of haloes, whereas this component is
absent in gravity-only simulations. We show the evolution of the
galaxy properties as a function of time since infall, together with
their respective parametric forms, in Fig. C.2. We again use the
parametrisations described in Sect. 3.2, although we redefine the
fitting variable as x = 1 — fgnce infan/(10 Gyr). Similar to Fig. C.2,
we can successfully model the evolution of the r- and U-band
magnitudes, as well as the gas mass. We only struggle to repro-
duce the final stage of the stellar-mass evolution, for which more
complex modelling may be required.

In this paper, we focus mostly on the evolution of satellite
galaxies at z = 0. Nonetheless, Fig. 4 shows that the evolution of
galaxy properties at z = 1 is similar to that at z = 0. In Fig. C.3,
we show that the parametrisations used throughout this paper
remain valid at z = 1 by fitting the evolution of galaxy properties
at this redshift. As a reference, we also show the parametrisation
of the evolution of galaxy properties for the intermediate-host-
halo-mass sample at z = 0. Although the evolution at the two
redshifts is not identical, both follow the same trends and remain
sufficiently similar to suggest that the parametrisations presented
in this work could be used for satellites identified at different
redshifts.

The final set of parametrisations we consider uses the same
combination of galaxy and subhalo properties as Fig. 5, but
adopts a common parametric form for all host halo masses. For
this fit, we add one free parameter to each parametrisation, mod-
ifying the values of y, A, and B in equations (1), (2), and (3),
respectively. The new model assumes a linear dependence of
these parameters on the logarithm of the halo mass, such that
P=Py+dP[13 - log(szOC/h’lMO)], where P is the original
free parameter and dP is a new free parameter that captures the
dependence on halo mass. As shown in Fig. C.4, all galaxy prop-
erties can be well reproduced at all halo masses with this new
parametrisation. Although promising, a wider halo-mass range
must be explored to demonstrate properly that this parametrisa-
tion can be applied across the full halo population of the simula-
tion.

Regarding the fit to the stellar-mass evolution, we also test
symbolic regression in an attempt to provide a more accurate
parametrisation of the data, even if it lacks the physical moti-
vation of the form used throughout this work. We find that a
parametrisation of the form:

Ax
[ exp(Bx) + In(log(M))] <=2

where X = Umax/Vinfan and A, B, C, and D are free parame-
ters. This parametrisation provides a very close fit to the data,
as shown in Fig. C.5, and is particularly useful for reproduc-
ing the stellar-mass evolution, which is the most difficult rela-
tion to reproduce with the fiducial model. However, its highly
flexible form suggests that it may struggle to generalise to other
implementations. In addition, because we do not force it to take
a value of unity when vy /Uinrann = 1, it may present difficulties
when implemented in gravity-only simulations. We nevertheless
include this parametrisation to illustrate the potential of sym-
bolic regression to provide highly accurate fits in cases where
reproducing a specific model is the main goal.

fx) =

(C.1)

Appendix D: Assessing the impact of the
SUBFIND-HBT gas-assignment bias on satellite
gas masses

In this appendix, we provide an approximate assessment of the
impact of the gas-cell assignment procedure used by the version
of SUBFIND-HBT adopted in MTNG. As discussed in Sect. 2,
this implementation can systematically underestimate the dif-
fuse gas mass associated with satellite subhaloes. To estimate
the magnitude of this effect, we compare the gas-content trends
measured in MTNG with those measured in TNG300, which is
not affected by this issue in the same way.

The TNG300 simulation has a periodic box of 205 4~'Mpc
(~ 300 Mpc) on a side and contains 25003 dark matter par-
ticles and an equal number of gas cells, implying a baryonic
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Fig. C.2. Evolution of satellite properties as a function of time since infall. This figure is similar to Fig. 5, but shows the evolution of the stellar
mass, gas mass, and - and U-band magnitudes as a function of time since infall for galaxies with 11.5 < log(mpcax /h™'M,) < 12.0. The symbols
represent the data from the MTNG simulation, as shown in Fig. 3, while the dash-dotted lines represent the analytic models described in Sect. 3.2.

The different colours represent different host halo masses, as labelled.

mass resolution of 7.44 x 10° 7~'M,, and a dark matter particle
mass of 3.98 x 10" h~'M,,. Its outputs are publicly available at
www . tng-project.org/data (Nelson et al. 2019). The differ-
ences in volume, resolution, and hydrodynamic implementation
mean that the comparison between the two simulations can only
be used as an approximate diagnostic and should not be inter-
preted as a full validation. Nevertheless, it provides a useful way
to obtain a rough estimate of the amplitude of the bias introduced
by the MTNG implementation.

In Fig. D.1, we compare the evolution of the gas mass as a
function of mgyp/Minsa in the MTNG and TNG300 simulations,
similarly to Figs. 3 and 5. We find that the gas masses asso-
ciated with satellites in MTNG are systematically lower than
those measured in TNG300, consistent with the expected bias
introduced by the MTNG implementation of SUBFIND-HBT.
However, the differences are not catastrophic and are of similar
magnitude to the scatter shown in Fig. 3. In addition, the overall
shape of the relation is broadly similar in the two simulations,
and Eq. (1) is also capable of characterising the evolution of the
gas mass in TNG300 (magenta dash-dotted line). We also exam-
ine the gas-mass profiles of satellite galaxies in TNG300 and
find qualitatively similar behaviour to that seen in MTNG, in the
sense that gas loss does not proceed strictly from the outside in
(not shown here).
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These comparisons suggest that the main results of this work
concerning the evolution of satellite gas content remain qualita-
tively robust, in the sense that the overall trend appears to be pre-
served. At the same time, it indicates that the absolute gas-mass
scale inferred from MTNG should be interpreted with caution,
as it is likely biased low for diffuse gas associated with satellite
subhaloes.

A more detailed assessment of this effect, including a reanal-
ysis of the main gas-related tests in TNG300 and/or with updated
subhalo-identification procedures, is left for future work. The
comparison presented here is intended only to provide an
approximate estimate of the magnitude of the bias and to guide
the interpretation of the gas-related results reported in this paper.

Appendix E: Best-fitting parameters and scatter of
the analytic models

In this appendix, we present the best-fitting parameters for the
analytic models describing the evolution of stellar mass as a
function of the remaining maximum circular velocity fraction,
gas mass as a function of the remaining subhalo mass frac-
tion, and the r- and U-band magnitudes as a function of the
remaining maximum circular velocity fraction. We also include a
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Fig. C.3. Analytic fits to satellite galaxy evolution at z = 1. This figure is similar to Fig. 5, but shows the evolution of the stellar mass as a
function of vy /Vinran, the gas mass as a function of mgyy, /Mingy, and the r- and U-band magnitudes as a function of vy /vingan for galaxies with
11.5 < log(mpeax /h™'"Mp) < 12.0 at z = 1. The symbols represent the data from the MTNG simulation, as shown in Fig. 3, while the dash-dotted
lines represent the analytic models described in Sect. 3.2. The different colours represent different host halo masses, as labelled. As a reference,
the dotted orange line shows the evolution of the intermediate-halo mass sample at z = 0.
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Fig. C.4. Evolution of the stellar mass as a function of vy /Vira, the gas mass as a function of mgy, /Mgy, and the r- and U-band magnitudes as
a function of vy /Vinfan for galaxies with 11.5 < log(mpeax/ h™'M,) < 12.0. The different colours represent different host halo masses, as labelled.
The symbols represent the data from the MTNG simulation, while the dash-dotted lines represent an analytic model fitted simultaneously to all
halo masses.

characterisation of the scatter of these relations and the root-
mean-square residuals as a quantitative measure of the quality
of the fits (Table B.1).
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Fig. C.5. Evolution of stellar mass as a function of vy,x /Vinran. The dash-
dotted line represents an analytic model, obtained through symbolic
regression, fitted simultaneously to all halo masses.
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Table B.1. Best-fitting parameters.

Contreras, S., et al.: A&A, 711, A179 (2026)

Mstell
imzooc impeak A B RMS res. 7J0.95, 0.5, 0.05
1 1 179+1.2 520+0.17 0.087 0.67,0.47, 0.00
1 2 180+0.7 5.38+0.11 0.053 0.50, 0.41, 0.00
1 3 11.3+0.5 649+0.12 0.022 0.24, 0.10, 0.00
2 1 159+14 5.15+0.23 0.106 0.62, 0.43, 0.00
2 2 16712 5.17+0.19 0.092 0.49, 0.37, 0.00
2 3 103 +04 5.66+0.11 0.025 0.28, 0.16, 0.00
3 1 144+15 5.15+0.27 0.112 0.59, 0.40, 0.00
3 2 149+13 5.05+0.23 0.101 0.48, 0.39, 0.00
3 3 99+05 5.12+0.11 0.032 0.30, 0.21, 0.00
Mgas
bmgge  bitpegi A B Y RMSres. 0095, 05, 0.05
1 1 32+02 096+0.04 0.051+0.011 0.011 0.15, 0.15, 0.00
1 2 58+05 1.16+0.04 -0.010«0.007 0.013 0.10, 0.10, 0.02
1 3 105+1.3 143+0.07 -0.010«0.008 0.017 0.09, 0.10, 0.01
2 1 33+0.2 099+0.02 0.157+0.013 0.006 0.19, 0.13, 0.00
2 2 60+04 1.17+0.03 0.022 +0.007 0.010 0.13,0.10, 0.01
2 3 106 £1.0 1.37+0.05 0.010+0.007 0.012 0.13,0.10, 0.01
3 1 1.6+00 0.81+0.01 0.580 +0.012 0.001 0.24, 0.12, 0.00
3 2 5105 1.12+0.04 0.092+0.014 0.010 0.17,0.10, 0.00
3 3 8.0+0.8 124+0.05 0.064+0.012 0.011 0.16, 0.08, 0.00
M,
Imgoe  Empea A B RMSres. 0095, 05, 0.05
1 1 53+02 1.27+0.04 0.049 0.61, 0.88, 0.00
1 2 47+0.1 0.99 +0.01 0.023 0.50, 0.84, 0.00
1 3 72+0.1 0.95+0.01 0.020 0.38, 0.55, 0.00
2 1 54+02 1.12+0.04 0.056 0.59, 0.89, 0.00
2 2 48+0.1 0.86%0.03 0.055 0.50, 0.67, 0.00
2 3 6.0+02 0.83+0.02 0.031 0.39, 0.69, 0.00
3 1 58+02 1.10+0.04 0.060 0.58, 0.87, 0.00
3 2 49+02 0.81+0.03 0.056 0.49, 0.67, 0.00
3 3 55+01 0.75+0.02 0.037 0.39, 0.55, 0.00
My
Dmgge  bitpeai A B RMSres. 0095, 0.5, 0.05
1 1 53+02 1.27+0.04 0.049 0.61, 0.88, 0.00
1 2 47+0.1 0.99 +0.01 0.023 0.50, 0.84, 0.00
1 3 72+0.1 095+0.01 0.020 0.38, 0.55, 0.00
2 1 54+02 1.12+0.04 0.056 0.59, 0.89, 0.00
2 2 48+0.1 0.86%0.03 0.055 0.50, 0.67, 0.00
2 3 6.0+02 0.83+0.02 0.031 0.39, 0.69, 0.00
3 1 58+02 1.10+0.04 0.060 0.58, 0.87, 0.00
3 2 49+02 0.81+0.03 0.056 0.49, 0.67, 0.00
3 3 55+01 0.75+0.02 0.037 0.39, 0.55, 0.00

Notes. Best-fitting parameters for the analytic models describing the evolution of stellar mass as a function of the remaining maximum circular
velocity fraction, gas mass as a function of the remaining subhalo mass fraction, and the r- and U-band magnitudes as a function of the remaining
maximum circular velocity fraction are shown. The indices i,,,, = 1,2, and 3 correspond to the log(mxgo. J/h™"M,) = 13.0, 13.5, and 14.0 host-
= 1,2, and 3 correspond to the 11.0 < log(mpeak/h’lM@) <115,11.5< log(mpeak/h’lM@) < 12.0,

and 12.0 < log(mpeax /h™"M,) < 12.5 peak-subhalo-mass selections, respectively. Each table also lists the root-mean-square residual between
the measured median relation and the best-fitting model (RMS res.), as well as the scatter of each relation evaluated at x = 0.95, 0.5, and 0.05

halo-mass selections, respectively, while i,

peak

(0095, 0.5, 0.05,» and 07 0s), where x denotes the independent variable used in the corresponding fit.
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Fig. D.1. Gas-mass evolution in MTNG and TNG300. This figure is
similar to the top right panel of Fig. 5, but shows only the galaxy
sample with log(mage/h"'My) = 13.5 and includes the predictions
from the TNG300 simulation. The symbols represent the data from the

simulations, while the dash-dotted lines represent the analytic models
described in Sect. 3.2.
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