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ABSTRACT

Context. Satellite galaxies experience multiple physical processes when interacting with their host halos, often leading to the quenching of star
formation. In the Local Group, satellite quenching has been shown to be highly efficient, affecting nearly all satellites except the most massive
ones. While recent surveys are studying Milky Way analogs to assess how representative our Local Group is, the dominant physical mechanisms
behind satellite quenching in Milky Way-mass halos remain under debate.
Aims. We analyze satellite quenching within the same Milky Way-mass halo, simulated using various widely-used astrophysical codes, each using
different hydrodynamic methods and implementing different supernovae feedback recipes. The goal is to determine whether quenched fractions,
quenching timescales and the dominant quenching mechanisms are consistent across codes or if they show sensitivity to the specific hydrodynamic
method and supernovae feedback physics employed.
Methods. We use a subset of high-resolution cosmological zoom-in simulations of a Milky Way-mass halo from the multiple-code AGORA
CosmoRun suite. Our analysis focuses on comparing satellite quenching across the different models and against observational data. We also
analyze the dominant mechanisms driving satellite quenching in each model.
Results. We find that the quenched fraction is consistent with the latest SAGA survey results within its 1σ host-to-host scatter across all the
models. Regarding quenching timescales, all the models reproduce the trend observed in the ELVES survey, Local Group observations, and
previous simulations: the less massive the satellite, the shorter its quenching timescale. All our models converge on the dominant quenching
mechanisms: strangulation halts cold gas accretion in all satellites and ram pressure stripping is the predominant mechanism for gas removal,
particularly effective in satellites with M∗ < 108 M⊙. Nevertheless, the efficiency of the stripping mechanisms differs among the codes, showing a
strong sensitivity to the different supernovae feedback implementations and/or hydrodynamic methods employed.

Key words. Galaxies: formation – Galaxies: evolution – Galaxies: dwarf - Galaxies: star formation - Methods: numerical – Hydrodynamics

1. Introduction

Understanding how, when, and why star formation ceases in both
satellite and field galaxies remains a topic of great interest in as-
tronomy (Peng et al. 2010; Schaye et al. 2010; Wetzel et al. 2013;
Nelson et al. 2018; Donnari et al. 2021). Ultimately, the mecha-
nisms that quench galaxies must reduce the amount of cool gas
available for star formation. This reduction can be achieved by
either directly removing gas from galaxies or stifling the rate at
which the gas is replenished via accretion. In current galaxy for-
mation scenario, gas surrounding halos falls into their potential
well, fueling star formation of the galaxies embedded in them.
However, if the mass of the halo is large enough such that its
gravitational dynamical time is much shorter than the cooling
time of the gas, the kinetic energy of the infalling gas is con-
verted into thermal energy, heating the gas to the halo’s virial
temperature (White & Frenk 1991). These accretion shocks are

32 Corresponding authors.
33 Code leaders.
34 https://www.agorasimulations.org/

expected to form close to the virial radius of the halo and are
therefore commonly referred to as virial shocks. Although virial
shocks may be unstable, and so not survive, around low mass
halos, they are expected to be an inevitable consequence of
structure formation for halos above few times 1011 M⊙ (Birn-
boim & Dekel 2003; Kereš et al. 2005). This points to a mass
quenching, due to halting of gas accretion, of halos more mas-
sive than the so-called golden mass around Mhalo ∼ 1012 M⊙
(Dekel et al. 2019). Thus, this scenario naturally leads to the
observed bimodality between central galaxies above and below
M∗ ∼ 1010.5 M⊙ (Kauffmann et al. 2003; Dekel & Birnboim
2006).

In the case of satellite galaxies, the picture is further com-
plicated by the fact that both internal and external processes can
act simultaneously. The interplay between these different pro-
cesses, and how they cause the eventual quenching of satellite
galaxies, remains poorly understood in the literature (Fillingham
et al. 2016; Merluzzi et al. 2016; Wright et al. 2022; Samuel
et al. 2023; Wang et al. 2024). Satellite galaxies are expected
to undergo a variety of physical processes during their infall
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to their host halos. The strong tidal forces experienced by the
satellite due to the presence of a central galaxy can remove dark
matter (DM), gas and stars from the galaxy, in a process called
tidal stripping(Read et al. 2006). Tidal forces may also perturb
the structure of galaxies changing satellite's morphology (Mayer
et al. 2001). Moreover, as the satellite travels through the dense
host CGM, the gas bound to the satellite is going to feel a drag
force due to the relative motion of the two �uids. If the drag
force exceeds the restoring force due to the satellite's own grav-
ity, its gas is going to be stripped in a process calledram pressure
stripping(Gunn & Gott 1972; Abadi et al. 1999). In addition to
ram-pressure stripping, the interaction between the satellite's gas
and the hot/warm host CGM can lead to a slower but continuous
gas loss, usually referred to ascontinuousor viscous/turbulent
stripping, caused by the Kelvin–Helmholtz (KH) instability in-
duced by the host gas (Nulsen 1982; Quilis et al. 2000; Schulz
& Struck 2001). There are other mechanisms that are usually in-
voked to contribute to the loss of gas from the satellite galaxy,
such as that known asgalaxy harassment, where satellite galax-
ies are progressively “heated" by high-speed encounters with
other satellite galaxies, becoming more prone to disruption by
the potential well of the halo (Moore et al. 1996). Whereas the
aforementioned mechanisms are in charge of the gas removal,
satellites living inside virial shocked halos will also see their cold
gas supply cut o� (Gabor & Davé 2015), in a process often called
strangulationin the literature (Peng et al. 2015), preventing our
satellite from replenishing its gas reservoirs.

Within our Local Group (LG), satellite galaxies are almost
all gas-poor and quiescent, except for some of the most mas-
sive satellites like the Magellanic Clouds, LGS3, and IC10 (e.g.
Grcevich & Putman 2009a; Kirby et al. 2013; McConnachie
2012; Spekkens et al. 2014; Wetzel et al. 2015b), suggesting that
their gas is e� ciently removed by some stripping mechanism.
Due to the unmatched depth and completeness of observations
of its satellite population, the MW has become the primary refer-
ence for simulations exploring the fundamental physics of satel-
lite quenching and their timescales (Mayer et al. 2006; Simpson
et al. 2018; Akins et al. 2021; Samuel et al. 2022; Samuel et al.
2023). Consequently, it is essential to determine if our LG is rep-
resentative, prompting signi�cant e� orts to observe MW-analogs
and analyze their satellite populations: from the pioneering work
by Zaritsky et al. (1993; 1997) to the recent Satellites Around
Galactic Analogs (SAGA) Survey (Geha et al. 2017; Mao et al.
2021, 2024) in which they study the properties for 378 satellite
galaxies around 101 MW-analogs.

Comparisons between the satellite properties and quenched
fractions from the SAGA survey, the Local Group (LG), and
other Milky Way analog surveys, such as the Exploration of
Local VolumE Satellites (ELVES) Survey (Carlsten et al. 2020,
2022; Greene et al. 2023), have revealed some tension. These
comparisons suggest that our LG has a higher fraction of
quenched satellites than their analogs, which has been usually
attributed to potential di� erences in the assembly history of the
host halo (Hausammann et al. 2019). Even though, this ten-
sion was somewhat alleviated with the latest SAGA data release
(Geha et al. 2024) after increasing their host statistics and apply-
ing a correction method to their quenched fraction for spectro-
scopic incompleteness. Recent e� orts from the simulation side
have begun to understand this discrepancy (e.g. Karunakaran
et al. 2021 or Font et al. 2022), however the representativeness
of our LG is still under question.

The unresolved questions surrounding quenching mecha-
nisms a� ecting satellites in a Milky Way-mass halo, along with
the sensitivity of these mechanisms to factors such as stellar

feedback, code arquitecture and virial shock formation, make
this a compelling area of study for the AGORA (Assembling
Galaxies of Resolved Anatomy) code comparison project, whose
earlier simulations are shown in Kim et al. (2014, 2016) (here-
after Paper I and Paper II, respectively). The AGORA project
aims to enhance the predictive capabilities of numerical galaxy
formation simulations by comparing high-resolution galaxy-
scale calculations across multiple code platforms. In this large
international collaboration, leading simulation code researchers
are engaged in examining how di� erent simulation codes con-
verge or diverge when applied to the same initial conditions,
while keeping the physical implementations as consistent as pos-
sible. In this paper, we analyze the quenching of the satellite pop-
ulation around a MW-mass target halo, usingCosmoRunsimula-
tions described in Roca-Fàbrega et al. (2021, 2024) (hereafter
Paper III and Paper IV, respectively). The satellite population in
these simulations has been carefully studied in Jung et al. (2024)
(hereafter, Paper V), whereas the di� erences in the circumgalac-
tic medium (CGM) across the di� erent models has been pre-
sented in Strawn et al. (2024) (hereafter, Paper VI). Historically,
code comparisons between grid-based and smoothed particle hy-
drodynamics (SPH) methods revealed signi�cant discrepancies
in the treatment of �uid instabilities, such as the suppression of
viscous stripping in SPH codes, since they were unable to repro-
duce dynamical instabilities (Agertz et al. 2007). Although sub-
stantial e� orts have been made to improve the treatment of in-
stabilities in SPH codes (Price 2008; Wadsley et al. 2008; Read
et al. 2010), comparing how satellite quenching occurs across
di� erent codes employing distinct hydrodynamic techniques re-
mains an essential task in numerical astrophysics to assess the
reproducibility of our results. In this paper, we are going to com-
pare �ve1 hydrodynamicCosmoRunsimulations, all performed
with the state-of-the-art galaxy simulation codes widely used in
the numerical galaxy formation community, and study the evo-
lution of the properties of their satellites during the interaction
with the host halo. This approach allows us to determine if our
results are consistent regardless of the code architecture and stel-
lar feedback physics employed. Conversely, any divergence in
the results will help us understand the impact of varying feed-
back and code models, providing us with a more informed inter-
pretation of our observables.

This paper is organized as follows: Section 2 provides an
overview of the AGORACosmoRunsimulation, including de-
tails on subhalo identi�cation, stellar particle assignment, and
our de�nition of quiescence. Section 3 presents the quenched
fraction of the satellite population and its evolution with cos-
mic time across all models, as well as the satellite quenching
timescales for each model. We then assess the contribution of
di� erent quenching mechanisms for each model and identify
the dominant mechanism. Section 4 summarizes the main con-
vergences and divergences between models and highlights the
signi�cant contributions of comparison projects like this to the
�eld of galaxy simulations. Finally, in Section 5 we outline key
caveats of our methodology and simulations.

1 Note that, in contrast with the eight codes presented in Papers IV-
VI, we use only �ve codes here, as they are the ones that reach z<
1 and thus covering host masses close to the critical threshold where
virial shocks are expected to form. The lowest redshift achieved by each
code group does not re�ect the performance of the code but instead the
availability of manpower and CPU time at the computational facilities
each group had access to.

Article number, page 2 of 25



R. Rodríguez-Cardoso et al.: TheAGORAHigh-Resolution Galaxy Simulations Comparison Project VII

2. Methodology

2.1. The AGORA CosmoRunSimulation Suite

Throughout this paper we use a subset of simulations from the
CosmoRunsimulation suite described in Paper III and Paper IV.
CosmoRunis a suite of high-resolution cosmological zoom-in
simulations of a Milky Way-mass halo (� 1012M � at z = 0)
across multiple code platforms. The simulations analyzed herein
started from the same cosmological initial conditions, created
using the software MUSIC, which generates a realistic distri-
bution of dark matter and primordial gas at a starting redshift
z = 100. The adopted cosmological parameters are
 � = 0:728,

 matter = 0:272, 
 DM = 0:227, � 8 = 0:807, ns = 0:961, and
h = 0:702. The subset of simulations used in this paper con-
sists of 5 out of the original 8 codes in Paper IV, for which we
already have snapshots at z� 0:3. This subset includes: adap-
tive mesh re�nement (AMR) codes ART-I (Kravtsov et al. 1997)
and ENZO (Bryan et al. 2014; Brummel-Smith et al. 2019), SPH
codes GADGET-3 (an updated version of GADGET-2; Springel
2005) and GEAR (Revaz & Jablonka 2012); and the moving-
mesh (MM) code AREPO-T (Springel 2010). We refer to the
version used of AREPO as AREPO-T, which represents the
AREPO code with thermal feedback (the details about AREPO-
T model are ilustrated in footnote 55 of Paper IV). How galaxies
formed and evolved has been studied using all these di� erent
approaches, each with its own advantages and disadvantages. In
Paper III and Paper IV was shown that all the codes reached an
overall agreement in the stellar properties of the target halo and
in its mass assembly history, after a series of calibration steps.
At z = 0, all the codes converge to roughly Mhalo � 1012M � and
M � � 1011M � , a more detailed analysis can be found in Paper
IV.

Codes participating in AGORA share much of the physics
that governs their operation: gas heating and cooling parame-
ters, implemented by the common package GRACKLE (Smith
et al. 2016). Redshift dependent cosmic ultraviolet background
(Haardt & Madau 2012), also provided by GRACKLE. Star for-
mation criteria are also identical for all the codes, with the ex-
ception of choosing the stochastic or deterministic nature of this
process. Regarding to the code-dependent physics, each code
group is given the freedom to choose its own feedback scheme
for energy and metals. Details of both the common and code-
dependent physics of each code are described with great detail
in Paper III and Paper IV.

Particle-based (i.e. SPH and MM) codes inCosmoRunsimu-
lations have a gravitational force softening length in the highest-
resolution region of 800 comoving pc until z= 9 and 80 proper
pc afterward. In the case of grid-based codes, the �nest cell size
is set to 163 comoving pc, or 12 additional re�nement levels for
a 1283 root resolution in a (60 comoving h� 1Mpc3) box. A cell
is adaptively re�ned into 8 child cells on particle over-densities
of 4. For details on runtime parameters, we refer the readers to
Paper III.

In Paper V, it was shown that the population of satellites
in all CosmoRunsimulations is comparable to that of MW or
M31 in their stellar masses and stellar velocity dispersions, prob-
ing that by implementing the common baryonic physics adopted
in AGORA and the stellar feedback prescription commonly
used in each code, the so-called “missing satellite problem” is
fully resolved across all participating codes. Some systematic
di� erences in the stellar to halo mass relation were reported,
with ART-I and GEAR showing larger M� =Mhalo than ENZO or
AREPO-T.

The di� erences in the CGM properties of the target halo, pri-
marily driven by the varying feedback prescriptions of each code
- such as their ability to expel metals - are analyzed in detail in
Paper VI.

2.2. Star assignment

To study the satellite galaxies in our simulations, we need to
identify the subhalos that formed stars. We assign stellar parti-
cles to a halo following the process outlined in Paper V, summa-
rized below. Firstly, all the stellar particles located within 0:8Rvir
from the halo are identi�ed. Next, we narrow down the selec-
tion to those with velocities relative to the halo that are less than
twice the halo's maximum circular velocity. We then calculate
the radius that contains 90% of the stellar particles (R90) and the
stellar velocity dispersion (� vel). To re�ne our selection, we �lter
the stellar particles by applying two additional criteria: (1) they
must be located within 1:5R90 of the center of mass of the halo
and stellar particles, and (2) their velocities relative to the halo
must be less than 2� vel. This process is iterated, recalculating
R90 and� vel for the selected particles until the values converge
to within 99% of the previous iteration. We proceed from the
most massive halos down to smaller ones, ensuring that no stellar
particles are reassigned once they have been already associated
with a more massive halo. Finally, we de�ne “galaxies” as those
with stellar masses at least six times the approximate stellar par-
ticle mass resolution (i.e., Mstar > 6mgas,IC= 3:39� 105 M � ; see
Section 3.1 of Paper III).

2.3. De�nition of quiescence

In observations, the most accepted criteria to de�ne when a
galaxy is quiescent relies on the star formation rate (SFR) de-
termined using tracers such as H� , UV/FUV, HI or CO emission
(e.g., Leroy et al. 2008; Grcevich & Putman 2009b; Spekkens
et al. 2014; Putman et al. 2021). The former two provide in-
sights into recent star formation over the past few 10 Myr (H� )
or few 100 Myr (UV/FUV), while the latter two re�ect the abun-
dance of cold gas, serving as an indicator of instantaneous star
formation. Our simulations enable the computation of both the
complete time-resolved star formation history and the gas con-
tent. Hence, we intend to utilize information from both metrics to
de�ne quiescence in our galaxies, following a methodology akin
to that presented in Samuel et al. (2022). Unless otherwise spec-
i�ed, throughout this paper, we categorize a galaxy as quenched
if it ful�ls these three conditions:(i) it has not undergone star
formation activity within the last 200 Myrs,(ii) its star-forming
gas mass content (T< 104 K and nH > 1 cm� 3) is lower than
six times the approximate mass resolution of gas particles (i.e.,
MSF, gas < mgas, IC = 3:39 � 105 M � ), and(iii) the galaxy ful-
�lls the previous two conditions for the rest of its lifetime. We
veri�ed that our results were consistent with alternative de�ni-
tions, such as applying a condition of sSFR< 10� 11 yr� 1 alone,
without altering the conclusions throughout the paper.

2.4. Gas assigment

To understand the quenching process of our satellites and cor-
rectly determine their timescale, it is crucial to accurately com-
pute their gas content, ensuring no contamination from unbound
gas from the host CGM. In particle-based simulations, this step
is straightforward as we assign gas particles to each halo based
on gravitational binding. Conversely, in grid-based simulations,
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direct gas particle assignment is not feasible. Therefore, through-
out this paper, we employ a di� erent approach to avoid mixing
the gas from the host halo with that of the subhalos:

1. We compute an average radial gas density pro�le of the gas
contained in the host halo,� CGM(r), extending out to a radius
2Rhost

vir in each snapshot. The average radial gas density pro-
�le is computed using all gas cells that are not within any
subhalo.

2. For each subhalo at a distancer < 2Rhost
vir we compute the gas

mass within its virial radius, Msub
gas(r) in each snapshot during

its infall. We then estimate the host gas mass at that distance
r for a sphere of Rsub

vir , considering snapshots before and after
the subhalo was located at that position r:

MCGM(r) = � CGM(r)
4�
3

(Rsub
vir )3 (1)

and average the values from the previous (Mprior
CGM) and sub-

sequent (Mpost
CGM) snapshots of the subhalo passage. We can

accurately capture the CGM gas mass just before and after
the passage of the subhalo thanks to the availability of many
snapshots with small temporal separation (see Paper III and
Paper IV where the short timesteps are described).

3. Finally, the gas content associated with the subhalo is com-
puted as:

Msub
bound gas(r) = Msub

gas(r) � MCGM(r) (2)

where MCGM(r) =
�
Mprior

CGM(r) + Mpost
CGM(r)

�
=2. This process is

repeated for the star-forming, cold, cool, and hot gas compo-
nents.

A visual schematic of this method is shown in Figure 1. Us-
ing this approach, we correct the gas content of our subhalo
by excluding the CGM that is momentarily inside the subhalo's
virial radius but not truly associated with it. Our strategy for esti-
mating the mass of the host gas at some radial distance, using the
average gas density pro�le, robustly captures the order of magni-
tude of the mass contribution related to the CGM for each com-
ponent. However, satellites in our simulations may encounter
many local perturbations in the CGM along their orbital path.
These variations arise from feedback-driven winds from the host
galaxy, clumpy gas accretion from the IGM, and stripped gas
from other satellites. Our approach neglects these local varia-
tions, that can lead to arti�cial spikes and drops of gas mass. To
mitigate this, we smooth the evolution of the gas mass, by ap-
plying a median �lter with a kernel window of 200 Myr, to focus
on consistent physical drops or spikes. This approach enables us
to pinpoint when the gas in our satellite is stripped or consumed
and not replenished, thereby determining the quenching time of
our satellite. To test the reliability of this method, we determine
the gas mass in particle-based codes using both this method and
by identifying the gas particles actually bound to the subhalo,
�nding good convergence between the two approaches. Results
comparing both approaches are shown in Appendix A.

2.5. Subhalo �nding

The reliable identi�cation of subhalos during their interaction
with the host remains a nuanced challenge in numerical simula-
tions. Although reasonable agreement exists among halo �nders
regarding the positions and attributes of isolated halos (Knebe

Fig. 1: Schematic illustrating the process used to determine the
subhalo's gas mass in grid-based codes. This involves correct-
ing the total gas mass within the subhalo's virial radius by sub-
tracting the host's CGM that is momentarily inside the subhalo's
virial radius but not truly associated with it, as described in Sec-
tion 2.4. The host's CGM mass at the snapshots before and after
the subhalo's passage is computed using the average gas density
pro�le, considering a sphere of the subhalo's virial radius during
the passage. A comparison between the gas mass obtained using
this method and that using bound gas particles in particle-based
codes is presented in Figure A.2 in Appendix A.

et al. 2012), the identi�cation of subhalos is notably more chal-
lenging, owing to their tendency to blend into the variable back-
ground density of their larger host (see Mans�eld et al. 2023 for
an overview on subhalo �nding). Even widely used algorithms
such as ROCKSTAR (Behroozi et al. 2012a), which employ 6D
phase-space friends-of-friends algorithms to group particles, and
SubFind(Springel et al. 2001) struggle to discern subhalos when
exposed to substantial mass loss due to strong tidal stripping
(Onions et al. 2012; Diemer et al. 2023).

The initial approach followed on this paper consists of using
ROCKSTAR halo�nder �rst, which identi�es all the (sub)halos
for a single snapshot by looking for overdensities on matter dis-
tribution using the 6D phase-space. Then, we use themerger tree
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code Consistent-Trees (Behroozi et al. 2012b) to establish con-
nections between halos and subhalos across temporal instances.
Hereafter, we are going to refer to this combination of ROCK-
STAR + Consistent-Trees as “RCT".

The reliability of RCT for tracking a subhalo lies in its con-
sistent detection across snapshots. Challenges arise when the
subhalo is close to the host material, hindering the identi�cation
of associated density contrast (Muldrew et al. 2010; Knebe et al.
2011; Han et al. 2012), when unbound streams stripped from the
subhalo have a substantial mass compared to the subhalo itself
(Han et al. 2017). This can cause RCT to lose or misidentify a
fraction of subhalos (Mans�eld et al. 2023; Diemer et al. 2023),
especially during and after the pericenter passage, after experi-
encing a signi�cant loss of mass. In such cases, the subhalo may
be mistakenly identi�ed as already merged with the host when
it is, in fact, still a separate bound substructure. Alternatively, it
could be wrongly identi�ed as a di� erent subhalo, which is not
truly associated with the subhalo's particles.

To prevent premature loss of subhalos, we employ a method
similar to the approaches used by the SYMFIND (Mans�eld
et al. 2023) and SPARTA (Diemer et al. 2023) algorithms. Both
of them have proved how RCT combined withparticle-tracking
of subhalos reliably extends their lifetime during their infall to
the host, as long as they remain a distinct sub-structure. As in
these algorithms, we use RCT output as the input for our method
and track the particles originally belonging to a subhalo prior to
its �rst infall, relying only on these particles to identify the sub-
halo at later times. In the subsections below, we outline the gen-
eral structure of our particle-tracking approach, highlighting the
di� erent steps and decisions involved.

2.5.1. Merger tree post-processing

We post-process the RCT merger trees by removing spurious
branches as follows; we discard any branch of the merger tree
that originated as a subhalo within a more massive halo, which
in simulations with �ne snapshots indicates a numerical arti-
fact (Mans�eld et al. 2023). Such spurious branches are of-
ten generated due to subhalos that are incorrectly identi�ed as
merged, even though they remain independent substructures of
the host halo. Consequently, when ROCKSTAR re-detects them
in later snapshots, Consistent-Trees mistakenly considers them
as new branches originating within the host halo. Occasionally,
Consistent-Trees does not consider them as a new branch but as-
signs them as the evolution of a smaller subhalo branch nearby in
6D phase space. To clean our merger tree in this case, we remove
all branches that exhibit an unphysical abrupt mass increase (by
a factor of 10) between two consecutive snapshots.

2.5.2. Subhalo member particles

We identify the particles belonging to each subhalo at the snap-
shot prior to infall into the host, to avoid contaminating the sub-
halo member particles with host particles. To determine subhalo
member particles, we adopt a similar de�nition to that used in
Diemer et al. (2023). We designate all DM particles within 2Rsub

vir
as candidate members, and then we require the ful�llment of at
least one of these two conditions:

i) the particle entered Rsub
vir for the �rst time at least 2Rhost

vir
from the host center,

ii) the particle's total energy is negative.
The former condition excludes host particles that happen to

be currently co-located with the subhalo, while the latter takes

into account particles that become physically bound to the sub-
halo as it travels through the host halo's outskirts.

2.5.3. Subhalo tracking and properties

Once our subhalo crosses host virial radius, we no longer rely on
RCT output. Instead, for the subsequent snapshots we �nd our
subhalo by tracking its DM member particles prior to accretion.
We impose the condition that no additional particles are accreted
by the subhalo during its infall. While this assumption may not
hold true in all instances, particularly during major mergers, the
number of accreted particles should typically be small in com-
parison to the initial mass of the subhalo (Behroozi et al. 2015;
Diemer et al. 2023). Even when a host particle's existing trajec-
tory leads it to come close enough to be gravitationally bound
to a subhalo, it is rapidly lost again and has little impact on the
subhalo's mass long-term evolution (Han et al. 2012). This sim-
pli�cation signi�cantly reduces computational time. As an ex-
ception, if a subhalo contains its own (sub)subhalo population
before crossing the host's virial radius, we allow the particles
of these (sub)subhalos to be accreted by the subhalo during its
infall.

At each snapshot, we track the member particles and we per-
form an unbinding, removing particles that are not gravitational
bound. Each subhalo's position is determined by the position of
the 32 most gravitationally DM bound particles (or the 10% most
bound if the number of member particles is lower than 320),
since the mean particle position is not a good estimator when the
distribution is anisotropic.

Subhalo properties are computed using particles inside Rsub
vir

which is computed using bound subhalo particles and following
Bryan & Norman (1998) de�nition. We determine the maximum

rotational velocity as vmax = max
� q

Gm(<r)
r

�
.

2.5.4. Ending a subhalo

The last step in our algorithm involves checking whether our
subhalo remains a distinct substructure or if it has been disrupted
or merged with its host. We de�ne a subhalo as disrupted if the
number of bound particles (Nbound) is lower than 20. However,
certain subhalos can sink to the host center and remain there
inde�nitely (Han et al. 2017). As all of their particles are on
low-radius orbits, they can sustain Nbound > 20 even though their
particles are no longer signi�cantly distinguishable from those
of their host (Diemer et al. 2023). Consequently, we terminate a
subhalo if its distance to the center of the host halo is less than the
subhalo's half mass radius (rhalf) for �ve consecutive snapshots.
Upon subhalo's ending, we consider the subhalo merged with
its host. If the subhalo's host merges with a new halo before the
subhalo's ending, we designate this new halo as the subhalo's
new host.

2.5.5. Comparing with RCT

Results for applying this particle-tracking approach to a repre-
sentative subhalo are shown in Figure 2 for all the ComsoRun
models analyzed in this paper. Please note that the method used
to match subhalos between codes, ensuring we are tracking the
same subhalo, is described in Section 2.6. Moreover, the evolu-
tion of the properties of this subhalo across the di� erent mod-
els is going to be studied in detail in Section 3.4.2. On the top
panel in Figure 2 we plot the trajectory in host virial radius units,
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Fig. 2: The evolution of the same subhalo over time for all the models, as measured by both RCT (ROCKSTAR+ Consistent-Trees)
(blue solid line) and our algorithm (red dashed line), until the last snapshot available for each run. The time domain where snapshots
are still not available for each speci�c code are indicated as a grey shaded region.Top: subhalo's trajectory during its infall to the
host halo, with the host virial radius indicated by the horizontal grey dashed line.Bottom: evolution of the subhalo mass compared
to the host halo (black dashed line).

Fig. 3: The stellar surface density at z� 0:3 for all the models. The host virial radius is indicated by the green dashed circle.
`Reliable' satellite galaxies (see Section 2.5 for reliability de�nition) and �eld galaxies are marked with colored solid circles rep-
resenting 0:5Rsub

vir . Blue circles denote galaxies identi�ed by both RCT and our particle-tracking method, while red circles indicate
those identi�ed as `reliable' only by our particle-tracking method, showing that RCT has lost them at any snapshot, preventing the
study of the subhalo properties evolution.

whereas on the bottom one the mass evolution with respect to
the host. Before comparing both methods, it is worth mention-
ing that although the subhalo originates from the same IC in all
models, di� erences arise in the number of pericenters and the
depth of each pericenter depending on the model. One possible
factor behind these di� erences is the inter-code timing discrep-
ancies in accretion times detected in Paper IV (see Appendix
C in that paper), where it was found that small di� erences at
high redshift can lead to changes in the impact parameters of
infalling subhalos. Additionally, these timing discrepancies af-
fect the mass of the main halo, causing slight variations in host
halo mass. While these variations are small, due to the stochas-
tic nature of gravitational interactions, even minor di� erences in
mass can in�uence the orbits of our satellites. The comparison
between the output for RCT and our particle-tracking output are
plotted as colored lines. For the snapshots when RCT is still de-
tecting the subhalo, there is complete agreement in the subhalo
position. The mass evolution is almost identical for both meth-
ods, with the particle-tracking predicting slightly lower masses
during pericenters. This could come from a small amount of host
matter being incidentally associated with the subhalo by ROCK-
STAR when the subhalos is crossing the densest regions of the
halo, as they detect in Mans�eld et al. (2023). Figure 2 shows
how the subhalo analyzed was wrongly identi�ed as merged by
RCT for severalCosmoRunmodels. This issue is particularly ev-
ident for ART-I and ENZO, where our particle-tracking method
enables the subhalo to be followed for nearly two additional or-

bits. In addition, for GEAR and AREPO-T models, RCT is also
losing our subhalos during the �nal snapshots. Di� erences in
RCT's ability to track subhalos across models are mainly due
to variations in their orbits, which pose di� erent challenges for
RCT and lead to the satellite being considered merged at dif-
ferent times depending on the model. Our approach is capable
of tracking the subhalo until the actual merger or the end of
the simulation (indicated by the grey shaded region), whereas
RCT prematurely loses subhalos even when they remain rela-
tively massive (several times 109M � ) and still easily detectable
by eye.

In Figure 3, we present the stellar surface density for all the
models at z� 0:3. We compare `reliable' satellite galaxies iden-
ti�ed using our particle-tracking approach with those identi�ed
using only RCT. We de�ne a `reliable' satellite galaxy as a sub-
halo that was not originally formed within the host's virial radius
and contained stellar particles before becoming a subhalo. Fig-
ure 3 illustrates that RCT often fails to track a signi�cant number
of satellites. Although ROCKSTAR may identify these subhalos
due to their now detectable density contrast, Consistent-Trees
may have lost them previously and now erroneously associates
them with branches of other subhalos. Consequently, these sub-
halos are not considered reliable by our criteria, as their evolu-
tion cannot be investigated. In contrast, our method substantially
increases the number of reliably detected satellites by tracking
subhalos even after substantial mass loss and associating them
with their appropriate branch.
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A more extensive analysis integrating this particle-tracking
approach in a di� erent halo �nder and comparing with various
codes will be covered in a future paper. Here, we emphasize that
our method ensures accurate tracking of subhalos, which is es-
sential for studying their evolutionary properties as they interact
with the host halo.

2.6. Inter-code satellite pairing

By leveraging theCosmoRunsuite, where all the codes start from
the same initial condition at z= 100, we match the same subha-
los between the codes. We conduct a galaxy-by-galaxy inspec-
tion, utilizing the method and pipeline described in Paper V and
Schaller et al. (2015); Lovell et al. (2021). This approach allows
us to �nd a pair of matched halos between two simulations that
share the initial conditions but not their particle IDs, as only SPH
codes share particle IDs.

The idea consists of identifying a pair of halos originating
from the same dark matter patch in a nearly homogeneous early
universe. Initially, we select the 40 particles closest to a target
halo's center, for instance, in the ENZOCosmoRunat z � 0:3.
Each dark matter particle's trajectory is traced backward in time
to determine its position at z= 100, corresponding to the ini-
tial conditions. Subsequently, for each of the 40 particles in the
ENZO run, a corresponding particle in the GADGET-3 run is lo-
cated as the nearest particle in position in the initial condition of
GADGET-3. The “matched” subhalos are selected if a subhalo
at the same step (z� 0:3) possesses more than half of the corre-
sponding particles. Conversely, by performing the same proce-
dure in reverse, another link is established — i.e., the 40 most
bound particles in the GADGET-3 run are initially identi�ed,
followed by locating their counterpart particles in the ENZO
run. A pair of two halos that are bijectively mapped (bidirec-
tionally connected) between the two simulations are considered
as a “matched" pair. We expand the matching process to identify
matching subhalos across all participating codes.

In addition, given the manageable number of subhalos com-
pared between codes along this paper, we visually verify the con-
sistency of their matching by checking their position in the 6D
phase space during infall and comparing the host's evolutionary
stage when the subhalos cross the host's virial radius. This en-
sures that we are comparing the same subhalos across di� erent
codes.

3. Results

3.1. Evolution of satellite population

The di� erent choices of stellar feedback signi�cantly in�uence
whether the subhalos population will host star forming gas and
how much of this will be available during its evolution, determin-
ing the amount of stellar mass that our subhalos can produce.
Thus, the number of satellites and their evolution over cosmic
time can provide insights into the e� ects of the various feedback
recipes used. This evolution for eachCosmoRunmodel is shown
in Figure 4. We consider as satellite galaxies both galaxies con-
tained inside the host's virial radius, and the ones that are tem-
porally outside due to their orbit but that were previously inside
- so called “backsplash” galaxies (Diemer 2021). For the con-
venience of the reader, we will continue to refer to the di� erent
CosmoRunmodels by the code name, rather than specifying each
time that it is the model with the speci�c feedback implemen-
tation from theCosmoRunsimulations. This implies that other
simulation groups using an AGORA code but with a di� erent

Fig. 4: The evolution of the satellites number count across cos-
mic time for all CosmoRunmodels analyzed in this paper. We
count all satellite galaxies located within the host virial radius
and also the `splashback' galaxies. Markers and lines represent
the average number of satellites for each time bin.Top panel:
The evolution of the total number of satellite galaxies for all
models.Central and bottom panels:Evolution of the number
of satellite galaxies with Mpeak < 1010 M � and Mpeak > 1010 M � ,
respectively.

feedback implementation should be cautious when comparing
their results.

In the top panel of Figure 4, we present the evolution for
the total number of satellite galaxies. The population of satel-
lites increases until z� 1 across all models, after which it re-
mains roughly constant, as the host halo was selected for its
quiet merger history to resemble the MW. Overall, there is good
agreement between the models on the evolution of the number of
satellites, with the exception of ART-I (blue line). ART-I shows
a slightly higher number count of satellites at z� 1 � 0:5 fol-
lowed by a decline, ultimately converging with the other mod-
els and eventually even exhibiting a lower number of subha-
los. This sharp decline in ART-I is primarily due to a signi�-
cant fraction of subhalos being disrupted during the last major
merger around z� 0:5. In the central and bottom panels we
show the result of splitting the satellites population in two di� er-
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ent mass ranges (low vs. high mass), using the peak halo mass2.
The number of satellites with Mpeak > 1010 M � is roughly con-
sistent across all models. This is in line with our expectations,
as in this mass range all halos host galaxies regardless of the
feedback recipe. Consequently, the number of satellites re�ects
the number of subhalos in this mass range, which is quite sim-
ilar between codes. In Paper I, we showed that all codes gen-
erate similar dark matter structures no matter the code. This is
still true for theCosmoRunas shown in Paper III and Paper V.
Nonetheless, the small di� erences observed in this mass range
arise from variations in their accretion times (for a detailed dis-
cussion about inter-code timing discrepancies, see Appendix C
in Paper IV), and on their disruption times which may change
due to orbital variations and/or slightly di� erent density pro�les.
Regarding the satellite number counts with Mpeak < 1010 M � ,
there is good agreement between models, with some scatter since
z � 1, when ART-I and GADGET-3 show higher counts than
GEAR, AREPO-T and ENZO until the sharp decline of ART-I
at z � 0:5. Interestingly, we found that ART-I and GADGET
exhibit the highest e� ciency in star-formation in low-mass ha-
los, which may explain the higher number of subhalos in these
models between z� 1 and z� 0:3.

Figure 5 shows the stellar-to-halo mass relation (SHMR) at
z � 0:3 for the �ve CosmoRunmodels analyzed through this pa-
per. One may notice that halos in some models produce consid-
erably higher stellar mass than in others, highlighting the impact
of the di� erent feedback models and codes in the stellar mass
produced. These di� erences are particularly pronounced for ha-
los with Mpeak > 1010 M � , where the stellar mass in GEAR halos
exceeds that of AREPO-T halos by around 2 dex.

While theCosmoRunsimulations are calibrated to yield the
same stellar mass at z= 4 for the main galaxy, and this con-
vergence persists down to lower redshifts (see Figure 4 of Pa-
per IV), the scatter among di� erent models is greater for less
massive galaxies. This can be understood as a consequence of
the di� erent supernova (SN) feedback recipes, which have a
more signi�cant impact on low-mass halos due to their shallower
gravitational potential wells. In these low-mass halos, supernova
winds can expel gas more e� ectively, whereas for halos with to-
tal masses above a few times 1011 M � , SN feedback becomes not
e� cient (Dekel & Silk 1986; Dekel et al. 2019), so di� erences
due to di� erent SN feedback implementations are expected to be
lower.

By comparing our SHMR at z= 0:3, shown in Figure 5, with
the one at z= 2 presented in Figure 9 of Paper V, we can observe
that the di� erences between models are greater at z= 0:3. Addi-
tionally, in general, we �nd lower stellar masses at z= 0:3 for the
same halo mass at z= 2. This can be understood as a re�ection
of the peak in stellar e� ciency occurring at z= 2. In contrast, at
lower redshifts, star formation becomes less e� cient while the
halo continues to grow in mass, leading to lower stellar masses
for the same halo masses. Overall, the trends identi�ed in Paper
V remain consistent. Attending to halos with peak halo masses
greater than 1010 M � , GEAR is the model forming the highest
stellar masses, followed by ART-I and GADGET-3, while ENZO
and AREPO-T form signi�cantly fewer stars for the same halos.
These di� erences on the stellar mass of our satellites are visu-
ally evident in Figure 3, where we presented the stellar surface
density of the satellite population (along with some nearby �eld
galaxies) at z� 0:3.

2 We de�ne peak halo mass as the maximum dark matter halo mass
achieved by a halo during its evolution.

Fig. 5: Stellar-to-halo mass relation (SHMR) at z� 0:3 for the
�ve CosmoRunmodels reaching z< 1. Each galaxy is plot-
ted as a single marker. Solid and dashed colored lines represent
the mean value of stellar masses in each peak halo mass bin
for each model. The grey dotted, dashed and dot-dashed lines
are for dwarf galaxies in other cosmological zoom-in simula-
tions at z= 0 (FIRE-2, Auriga and DC Justice League, respec-
tively; (Hopkins et al. 2018; Grand et al. 2021; Munshi et al.
2021)). The solid and dashed black lines without markers are
semi-empirical models for 0:2 < z < 0:5 with extrapolation to
low-mass galaxies (Legrand et al. 2019; Girelli et al. 2020).

In Figure 5, we also compare the SHMR of our models with
previous results of other cosmological zoom-in simulations. The
thick grey dotted, dashed and dot-dashed represent the SHMR
for dwarf galaxies at z= 0 in the FIRE-2, Auriga and DC Justice
League simulations, respectively; (Hopkins et al. 2018; Grand
et al. 2021; Munshi et al. 2021). The dashed and solid black
lines without markers represent the predictions extracted from
semi-analytical models at 0:2 < z < 0:5 with extrapolation to
dwarf galaxies (Legrand et al. 2019; Girelli et al. 2020). Overall,
our models �t, within their scatter, the predictions of the semi-
analytical models. On the other hand, in general, the SHMR of
our models is slightly lower than that obtained in other simula-
tions at z= 0. However, it is worth noting that the other simula-
tions use the halo mass at z= 0 instead of the peak halo mass.
For �eld galaxies, the peak halo mass usually coincides with the
halo mass at z= 0, but for satellite galaxies, tidal stripping re-
moves dark matter from the halo while the stellar mass often
remains intact. Therefore, by including satellites in their sample
and using the halo mass at z= 0, they tend to have higher stellar
masses for the same halo mass.

3.2. Satellite quenched fraction across host halo evolution

The evolution of the host halo's CGM can have a strong impact
on the properties of satellites when they enter the CGM region.
In particular, it is expected that the quenched satellites fraction
(hereafter fq; sat) increases when a warm/hot coronna of gas is
present around the host halo.

In Figure 6, top row, we show the evolution of fq; sat for all the
models; whereas in the bottom row, we show the evolution for
�eld 3 galaxies well outside the host in�uence zone (fq; �eld ). By

3 Similar to the approach followed in Paper V, we de�ne �eld halos
using the following criteria:(i) A �eld halo must reside beyond 2Rhost

vir of
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comparing the di� erent quenched fractions in both satellite and
�eld galaxies, we identify how the evolution of the host CGM
in�uences satellite properties in contrast to dwarf galaxies pop-
ulation not a� ected by the central galaxy. To better visualize the
e� ects of the di� erent CGM states on our satellite quenching,
red and orange shaded regions in both panels are highlighting
the epochs when the host halo is more massive than 5� 1011 M �
and 1012 M � , close to the mass when it is expected from the-
ory that the central galaxy develops a warm-hot CGM (Kereš
et al. 2005) (see Figures 6 and 9 in Paper VI). The mass of the
satellite galaxies is also a variable that needs to be accounted for
when studying satellites quenching (Fillingham et al. 2015). The
gravitational pull in more massive satellites can retain gas mass
against the stripping processes in a more e� ective way than less
masive ones. To further analyze this e� ect, in this �gure, we di-
vide our satellite population sample into two mass bins, one with
subhalos with a peak halo mass above 1010 M � and another be-
low. We use the peak halo mass to ensure that we are comparing
the quenching of the same subhalos across di� erent models, as
stellar mass would di� er depending on the model, as shown in
Section 3.1. From Figure 6, we can conclude that:

1. Low-mass subhalos undergo quenching earlier than the high-
mass subhalos across all models. The fq; sat for them is higher
than that for high-mass subhalos throughout all the evolu-
tion. This suggests that the quenching mechanism is both
more e� ective and rapid for low-mass subhalos.

2. All models agree on that fq; sat for low-mass subhalos is con-
sistently higher than fq; �eld for low-mass satellite galaxies,
especially remarkable since when the host halo mass sur-
passes 5� 1011 M � .

3. In all models, the high-mass satellite galaxies only quench
when the host halo exceeds 1012 M � (increasing fq; sat).
Meanwhile, the �eld galaxies with the same mass remain
unquenched (fq; f ield = 0), except for the last time bin in
AREPO-T.

4. fq; sat di� ers among models, particularly for high-mass sub-
halos. While ART-I and AREPO-T achieve fq; sat above 80%
and 60%, respectively, for high-mass subhalos at z� 0:3,
GADGET-3 barely exceeds 15% and GEAR is not able to
quench any subhalo above Mpeak = 1010 M � . Although the
models show better agreement for fq; sat in low-mass subha-
los, GEAR also displays slightly lower fq; sat compared to
the other models. The causes behind these inter-code di� er-
ences, in relation to the di� erent quenching mechanisms, are
analyzed in Sec 3.4.3

As previously discussed, the suppression of cold in�ows is a
predicted outcome for halos with masses exceeding a few times
1011 M � . In this context, the more massive host halo is the hot-
ter its CGM became. The infalling satellites will be encounter-
ing this hostile medium so they will feel stronger ram pressure
when entering halos with larger masses. The tidal stripping will
also be naturally larger in halos with larger masses, i.e. stronger
gravitational potential gradients. Due to the deepening of the
gravitational potential, statistically, the number of subhalos and
their velocities also grow, increasing the possibility of high speed
satellite-satellite encounters. Our results regarding the increase
of fq; sat when approaching 1012 M � are thus in good agreement

our target host halo,(ii) It must be more massive than 107h� 1M � in dark
matter, and(iii) It must not be a subhalo of another halo (i.e., satellites of
other halos are excluded). After assigning stellar particles to these halos
using the method described in Section 2.2, we consider only the �eld
galaxies whose stellar masses are heavier than 6mgas;IC = 3:39� 105 M �

with these expectations, as all quenching mechanisms are more
e� cient when the host halo is more massive.

Figure 7 displays a comparison of fq; sat for each model with
observations of Local Group (Wetzel et al. 2015b and Putman
et al. 2021) and MW-analogs from the SAGA (Geha et al. 2024)
and ELVES (Carlsten et al. 2022) surveys, as well as with other
cosmological simulations of MW-mass halos (Simpson et al.
2018; Akins et al. 2021; Samuel et al. 2022). To facilitate com-
parison with Figure 6, note that fq; sat is now computed in stellar
mass bins instead of halo mass bins. Since the SHMR varies be-
tween models, halos with Mhalo � 1010 M � correspond now to
di� erent stellar mass ranges depending on the model. For in-
stance, in AREPO-T, these halos typically have stellar masses
of a few times 106 M � , whereas in GEAR, they characteristi-
cally reach around 108 M � . Consistent with the �ndings in Fig-
ure 6, there is generally good agreement among models regard-
ing the quenched fraction of low stellar mass satellites with
M � < 107 M � , that is close to unity. However, the quenched frac-
tion between models shows larger variation in the stellar mass
range of� 107 � 108 M � , where the quenched fraction for GEAR
is below 20%, whereas for ART-I is close to 60%. These re-
sults suggest a higher e� ciency on the satellite quenching in this
mass range in ART-I compared to GEAR, similar to the trends
observed in Figure 6. For more massive satellites, with stellar
masses above 108 M � , nearly all remain star-forming across all
models, except for ART-I, which exhibits a higher quenched
fraction.

Before comparing with observations and other cosmologi-
cal simulations from di� erent groups, it is important to clarify
how we calculate the quenched fractions. Due to the lack of
host statistics, we use a common number of 50 snapshots start-
ing from z < 1, when our host halo exceeds the critical mass
for virial shock formation in all models, up to z� 0:3, the last
available snapshot for GADGET-3 and GEAR, to ensure a con-
sistent comparison between models. However, both the obser-
vations and the simulations we compare against are at z= 0.
As shown in Figure 6, fq is expected to increase as redshift de-
creases and the host halo evolves, as satellites interact with the
warm corona gas of the host's CGM for a longer period. There-
fore, the fq should be interpreted as a lower limit compared to
the fq that would be computed at z= 0, if host statistics were
available, where a higher quenched fraction is expected. More-
over, in relation to the observational data from the SAGA and
ELVES surveys, it is important to note that their satellite sam-
ples may be biased by interlopers, i.e., �eld galaxies incorrectly
identi�ed as satellites due to projection e� ects. This could lead
to an arti�cially lower quenched fraction, as these �eld galaxies
would likely be star-forming.

Despite the di� erences in fq among our models, when com-
pared to those fq observed in Figure 7, all our models are con-
sistent with the latest SAGA data within its 1� host-to-host scat-
ter (cyan diamonds and cyan shaded region). For M� < 107M �
quenched fractions for all the models are close to 100%, con-
sistent with the ones observed in the LG and in ELVES sur-
vey. For satellites with stellar masses in the range 107 � 108 M � ,
our models generally show quenched fractions more in line with
the SAGA survey than with the LG and ELVES, which observe
slightly higher fq. However, the fq from our models in this mass
range is also consistent with that observed in the LG and ELVES
within the scatter, especially when considering that our fq is ex-
pected to be higher at z= 0. For satellites with stellar masses
above 108M � , the ART-I model is the only one that matches the
quenched fractions observed in LG and ELVES survey, whereas
the other show almost no quenching of satellites above this stel-
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Fig. 6: The evolution of the fraction of quenched satellite galaxies (top and circle markers) across cosmic time compared with the
quenched fraction of �eld galaxies (bottom and square markers) for each model. Markers indicate the mean fq for each time bin and
the error bars represent the standard deviation. In the row where we show the quenched fraction of the satellites, we also display that
of the �eld galaxies with higher transparency and vice versa to facilitate comparison. We follow the quenching de�nition described
in Section 2.3. The orange and red shaded regions represent the epochs when the host halo is more massive than 5� 1011 M � and
1012 M � , respectively. The time domain where snapshots are still not available for each speci�c code are indicated as a grey shaded
region. Quenched fractions for satellite galaxies and �eld galaxies above and below Mpeak = 1010M � are shown in di� erent colors.

lar mass, which is consistent with SAGA data and previous �nd-
ings (Fillingham et al. 2016; Akins et al. 2021). All our models
are also in agreement with results from other cosmological sim-
ulations, considering the large uncertainties due to the lack of
host statistics. In general, our models predict a lower fq, espe-
cially for the mass range between 107 and 108;M � . This may
be primarily due to the fact that the quenched fractions in our
models should be understood as lower limits compared to the
expected quenched fractions at z= 0, as mentioned above.

These �ndings illustrate how varying feedback implemen-
tations and code architecture for the same host and satellites
can result in di� erent quenched fractions. Consequently, some
models align with the quenched fractions observed in the LG,
while others fall within the lower quenched fraction scatter of
the SAGA survey. See Section 3.4.3 for a more detailed analysis
of the causes of the intercode di� erences.

3.3. When do satellites quench?

To investigate the quenching timescales of satellites, we de�ne
the quenching delay time as: tquench� tinfall , which measures the
time it takes for a satellite to quench relative to infall into the
host halo.

In Figure 8 we show the quenching delay time versus satel-
lite stellar mass for the di� erent models. We include all surviv-
ing satellites in the lowest-z available snapshot and those that
merged with the host when Mhost > 5 � 1011 M � . We distinguish
between quenched and star-forming satellites (red vs blue, re-
spectively), and also between those that quenched before merg-
ing and those that did not (red open circles vs blue open triangles,
respectively). Star-forming satellites are represented by arrows
as their lookback infall time can be interpreted as a lower limit
on the potential quenching timescale.

All the models follow the same trend identi�ed in obser-
vations: the less massive the satellite galaxy is, the faster its
quenching. Satellites with stellar masses above 107 M � are re-

sistant to rapid environmental quenching for all the models,
whereas satellites below 107 M � are compatible with fast and
e� cient quenching showing quenching delay times below�
2 Gyr. These trends are generally consistent with the observa-
tional estimations for MW satellites (Wetzel et al. 2015b), for
satellites in MW analogs (Greene et al. 2023) and for satellites
in more massive groups (Wheeler et al. 2014); as well as with re-
sults from cosmological simulations such as Akins et al. (2021)
and Samuel et al. (2022). Infall times in observations are esti-
mated by using the most likely infall time from cosmological
simulations for a surviving satellite of a speci�c stellar mass. A
relevant caveat when comparing our results with observational
estimates is that the latter assume all satellites were star-forming
prior to their �rst infall. This assumption may not be true, for
example, if the satellites were a� ected by reionization or pre-
processing.

It is worth noting the spread that exists in the quenching de-
lay time at a given stellar mass, even for the same model. For
example, for AREPO-T the quenching time scales for satellites
with M � � 106� 107 M � spread from 0 to 4 Gyr. These quenching
timescales are generally within the uncertainty range provided
by (Wetzel et al. 2015b). This scatter re�ects, in part, that stellar
mass by itself does not completely determine how long a satel-
lite can retain its cold gas against quenching processes. Other
factors, such as the eccentricity of the satellite's orbit, the initial
gas and DM mass, and the di� erent gas and mass concentration,
also play signi�cant roles. This will be explored in more detail
in Section 3.4, where will we also study the di� erent quenching
timescales among models by focussing on the physical mecha-
nisms behind quenching.

Some discrepancies between models can be highlighted. The
ART-I model is the only one that quenches satellites with masses
above 108 M � (as shown in Figure 7), while for the rest of the
models all galaxies with masses above this limit remain star-
forming, similar to the �ndings in Akins et al. 2021. While
satellites above 108 M � in ART-I quench in timescales around
� 3 � 4 Gyr, in GEAR they remain star-forming even after
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Fig. 7: Quenched fractions of satellite galaxies of theCosmoRuntarget galaxy as a function of stellar mass for eachCosmoRunmodel,
with each one represented by a colored line. In order to match with observations, here a satellite galaxy is de�ned as quenched if
sSFR< 10� 11yr� 1. Due to lack of host statistics, we use a common number of 50 snapshots since z< 1, when our host halo is
above the critical mass for virial shock formation in all models , up to z� 0:3, the last available snapshot for GADGET-3 and
GEAR, to ensure a consistent comparison between models. Each marker represents the mean value across di� erent snapshots for
each mass bin, with error bars indicating the standard deviation. Markers have been slightly displaced for clarity, but they represent
the same stellar mass bin. We compare our quenched fractions with observations of the LG (from Wetzel et al. 2015b updated with
Putman et al. 2021 as in Samuel et al. 2022), as well as data from the `Gold' and `Silver' sample of the SAGA survey (Geha et al.
2024) and �ndings from ELVES survey (Carlsten et al. 2022). The cyan shaded region represents the SAGA host-to-host 1� scatter.
Additionally, quenched fractions from other cosmological simulations of Milky Way analogs are shown with grey dotted, dashed,
and dash-dotted lines: FIRE (Samuel et al. 2022), AURIGA (Simpson et al. 2018), and the ChaNGa DC Justice League (DCJL)
(Akins et al. 2021), respectively. Note that both the observational data and the simulations from other groups we compare against
are at z= 0. Since the range used in our case to calculate the mean quenched fraction for each mass bin is between z= 1 and
z � 0:3, our fq can be interpreted as a lower limit for the expected quenched fraction at z= 0.

� 5 Gyr of evolution, indicating discrepancies in the e� ciency of
quenching high-mass satellites, as shown in Figure 6. GEAR and
GADGET-3 have a higher abundance of star-forming galaxies,
pointing to higher quenching delay times than the other mod-
els. In addition, GEAR also has a higher number of satellites
that were disrupted prior to quenching, indicating di� erences in
satellite-host interactions relative to the other models. Another
noteworthy detail is that the only satellite with M� > 109 M � in
all models merges within very short timescales (1 Gyr or less)
while still star-forming, due to its more radial trajectory. In Sec-
tion 3.4.3 we performed a more detailed analysis of the possible
sources of these intercode di� erences.

Many of the lowest-mass satellites, below� 106 M � , un-
dergo quenching before infall. Here we will summarize the many
potential mechanisms for the early quenching. Although we have
studied some of them (e.g. the quenching time vs. reioniza-
tion) it is not in our scope to provide the reader with a �nal
answer as this would require of a much deeper analysis than
the one presented in this paper. Physical processes unrelated to
the host halo can lead to the loss of cold gas, resulting in the
quenching of star formation. Such low-mass halos are partic-
ularly vulnerable to these processes, such as cosmic reioniza-

tion (Brown et al. 2014). However, since not all of our low-mass
satellites that are early quenched do so during the reionization
epoch, alternative scenarios need to be considered. One possi-
bility is that reionization suppresses gas accretion, and any re-
maining gas will be either expelled by stellar feedback (Benítez-
Llambay et al. 2015) or consumed in star formation through
self-shielding (Katz et al. 2020). Moreover, heating from the UV
background (initially mentioned by Bullock et al. 2000), which
peaked around z� 2 in our model (Haardt & Madau 2012),
may also contribute to the quenching of low-mass galaxies. En-
vironmental quenching outside the host halo is another poten-
tial mechanism. Ram-pressure stripping due to the host halo's
gas can be e� ective up to distances of approximately 4Rvir (Cen
2014), while pre-processing within low-mass groups has been
noted as a signi�cant factor in the quenching of MW satellites
(Wetzel et al. 2015a; Samuel et al. 2022). Nevertheless, in addi-
tion to these physical processes, numerical overquenching might
also be a factor, particularly in galaxies close to the resolution
limit (Hopkins et al. 2018), as satellites with stellar masses be-
low 106;M � in CosmoRunsimulations may experience arti�cial
suppression of star formation due to limited resolution (see Sec-
tion 5).
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Fig. 8: Satellites quenching delay time as function of their stellar mass. Quenched satellites are represented by red �lled circles, while
star-forming satellites are indicated by blue arrows, marking a lower limit on their quenching delay times. Satellites that merged
when Mhost > 5 � 1011 M � are also shown: red open circles denote those quenched before merging, and blue open triangles denote
those that were not (they still have either ongoing star formation or star-forming gas reservoirs at the time of merger). Observational
estimates from Wetzel et al. (2015b), and Wheeler et al. (2014) are shown in grey squares and orange hexagons, respectively. An
estimate of the quenching timescale for the SMC/LMC system is shown in purple, using the infall time predicted by Kallivayalil
et al. (2013). The quenching time for the ELVES survey (Greene et al. 2023) is also shown in blue. The open green square enclosing
a single data point in each panel indicates the same satellite across the di� erent models and we compare its evolution in Section
3.4.2 and in Figures 9 and 10.

3.4. How do satellites quench?

Timescales shown in Figure 8 suggest, for all theCosmoRun
models, the presence of an environmental quenching mecha-
nism that quenches rapidly and e� ectively low-mass satellites
and quenches in a less e� cient way, with timescales around their
crossing time, intermediate-mass satellites. For the more massive
satellites, this environmental quenching mechanism is not so ef-
fective leading to large quenching delay times. In this section, we
will analyze the contribution of several quenching mechanisms
- often proposed in literature to explain quenching of satellites
- for each model. First, we will examine in detail the quench-
ing of the same individual satellite across all our models and
present the methodology that will be used for determining the
contribution and interaction of di� erent quenching mechanisms.
Then, we will apply this methodology to all satellites within each
model and analyze the statistical results.

Before beginning the analysis, we will describe the approach
followed to compute the parameters that are going to be used to
characterize each quenching mechanism.

3.4.1. Quenching mechanisms

ˆ Strangulation: To assess whether there was a cuto� of cold
in�ows upon entering the virial-shocked halo of the main galaxy,
we will compute the mass ratio of in�ows penetrating the satel-
lite galaxy, by determining the amount of cold gas accreted by
the satellite galaxy at each snapshot. This step is straightforward
for particle-based codes, as we have the IDs of the gas particles,
so we can determine the number of particles accreted by compar-
ing the IDs at di� erent snapshots. However, the determination of
in�ows become more complex for grid-based codes, where we
cannot track individual particles.

Therefore, we will calculate the cool/cold gas accreted by
the satellite galaxy using gas cells. We will consider as in�ows
all cells that ful�ll all the following conditions: i) they reside
between 0:2 Rsub

vir and 0:3 Rsub
vir , ii) they move with a su� ciently

negative radial velocity to cross the shell between 0:2 Rsub
vir and

0:3 Rsub
vir within 100 Myr, and iii) with lower temperature than

104:5 K and density nH > 10� 2:5 cm� 3. However, we must be
careful not to introduce CGM gas that the satellite encounters
during its infall as in�ows. To address this, we will correct for the
satellite's motion through the CGM in order to determine the gas
streams that are actually falling towards the satellite with nega-
tive radial velocities, and not merely due to the subhalo's move-
ment. To ensure that our method reliably captures the in�ow
mass, we tested it on particle-based codes, using theyt build-in
grid. We compared our results using this method with those ob-
tained by tracking particle IDs to identify which particles were
actually accreted, and we achieved good convergence. The com-
parison between the two methods and more details about how
the in�ows are computed can be found in Appendix A.

ˆ Ram pressure stripping: In order to compute the ram pres-
sure felt by the gas and the restoring force exerted by the sub-
halo, we follow a similar apporach to that presented in Simpson
et al. (2018). First, we use the classical formula of Gunn & Gott
(1972) to determine the ram pressure: Pram = � CGMv2

sat, where
� CGM is the density of the medium through which the satellite
galaxy is moving and vsat is the relative velocity of the satel-
lite with respect to the surrounding gas. For calculating the ram
pressure, we adopt as vsat the velocity of the satellite with respect
to the host. For� CGM we compute an average radial gas density
pro�le extending out to a radius of 4Rvir for the host halo in each
snapshot, as in Section 2.4. As we mentioned above, this radi-
ally averaged estimate neglects local perturbations. However, it
robustly captures the e� ect of radial infall that drives the main
change in ram pressure, which can vary by orders of magnitude
(Simpson et al. 2018).

The restoring force per area on the satellite's gas can be ex-
pressed as Prest =

���� @�
@zh

����
max

� gas, where� gas is the satellite's gas
surface density, zh is the direction of motion (and gas displace-
ment),� is the gravitational potential, and

���� @�
@zh

����
max

represents the
maximum of the derivative of� along zh (Roediger & Hensler
2005). For approximating the restoring force for the whole satel-
lite, we adopt a simple estimate for

���� @�
@zh

����
max

and � gas. The gas
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surface density is estimated from the radius enclosing half the
gas mass (r1=2

gas), such that� gas = Mgas

2� (r1=2
gas)2

(where Mgas is the to-

tal mass in gas). We estimate
���� @�
@zh

����
max

� v2
max

rmax
, where vmax is the

maximum velocity of the spherically-averaged subhalo rotation
curve, and rmax is the radius where this peak occurs.

Therefore, we estimate that ram-pressure stripping is e� ec-
tive when:

� CGMv2
sat >

v2
max

rmax

Mgas

2� (r1=2
gas)2

(3)

Finally, we can compute the ram pressure radius, rram. This
radius de�nes the boundary beyond which all the gas should be
stripped out due to ram pressure exceeding the restoring force.
For that, we use the same expression as in Zhu et al. (2024).
Speci�cally, rram is identi�ed as the radius at which these forces
are balanced:

� CGM(r)vsat(r)2 = �
GMtot(r)� gas(r)

r
(4)

where� is a geometric factor of order unity from integration
along the projection (McCarthy et al. 2007).

ˆ Tidal stripping: We compute the tidal radius (rtidal) of each
satellite using the same approach followed in Henriques &
Thomas (2010), where they use the isothermal sphere approx-
imation for the mass distribution of the central halo and satellite
galaxy, and they assume that the satellite follows a circular orbit:

rtidal �
1
p

2

� sat

� host
rsat (5)

where� satand� hostare the velocity dispersions for the satel-
lite and the host halo, respectively, and rsat is the radial distance
of the satellite to the host. While this approach does not take
into account the disk potential, which may contribute to tidal
stripping (Green et al. 2021), it allows us to estimate up to what
radius the gas will resist being stripped by tidal forces.

ˆ Harassment: To estimate the amount of energy produced
in a high-velocity satellite-satellite encounter, we will follow the
approach described in Marasco et al. (2016). The amount of heat
Es that an extended satellite of total mass Ms gains during an
encounter with a point-like system of total mass Mp can be com-
puted via the impulsive approximation as:

Es �
4
3

G2Ms

 
Mp

v

!2
D
r2

E

b4
(6)

where v is the relative velocity between the two objects, b is the
impact parameter, andhr2i is the mass-weighted mean square

radius
� P

mi r2
iP

mi

�
of the extended system (e.g., Binney & Tremaine

(2008), p. 660). We will use this expression just as a proxy to de-
tect when satellites are undergoing a high-speed encounter. For
each satellite galaxy and each snapshot, we compute the maxi-
mum Es by considering all subhalos as possible encounters and
substituting v and their actual distance for the impact parame-
ter. Then, we compare Es with the value of the total (kinetic+
potential) internal energy of the satellite Eint.

3.4.2. Case study

In this section, we analyze a single satellite identi�ed across all
the models (see green squares in Figure 8). We choose to show
only one case to present the methodology that we will use in the
following sections to study the impact of the di� erent quenching
mechanisms considered. In Section 3.4.3, we show the result of
applying this method to all satellites in the simulations.

By simply observing the di� erences in the same satellite
across the di� erent models in the Figure 8, the variations in
stellar mass and quenching delay time are evident. Quenching
timescales in ENZO and AREPO-T models are very short, close
to 1 Gyr. On the other hand, for GADGET-3 and GEAR we have
higher quenching delay times, specially for GEAR for which
our satellite remains star-forming after� 5 Gyr of evolution.
Sitting between both behaviors is ART-I, which has a quench-
ing timescale of approximately 2 Gyr, close to the crossing time
for MW-mass halos. To better illustrate this and to analyze the
quenching process in the di� erentCosmoRunmodels, we plot
the gas density for each model, in di� erent stages during the in-
fall to the host4, in Figure 9. Each row corresponds to a di� erent
evolutionary stage: top row is the �rst snapshot atr < 2Rhost

vir
(a), second row is at tinfall , i.e., �rst infall to the host (b), third
row during the �rst apocentre (c), and the bottom row during the
second infall, slightly before the second pericentre (d). We high-
light the time and position of these evolutionary stages on the
top panel of Figure 10, using the (a), (b), (c) and (d) labels.

In the top row (a) of Figure 9, we see the the initial gas
density distribution for all models, prior to host interaction ef-
fects. Di� erent models using various implementations of bary-
onic physics exhibit signi�cantly di� erent gas density distribu-
tions and gas contents, such as between GEAR and AREPO-T,
with the former containing substantially more and denser gas
than the latter. During their �rst infall, shown in second row (b),
we see how the gas contained within the satellite begins to in-
teract with the host CGM. Interestingly, in AREPO-T we can
discern clear signs of ram pressure stripping as soon as the satel-
lite crosses the virial radius, with gas tails stripped in the di-
rection opposite to the satellite's motion. In contrast, the initial
gas distribution appears apparently unchanged in the other mod-
els. This suggests that the lower density and initial amount of
gas in AREPO-T, as observed in the �rst row (a), makes the gas
more susceptible to being stripped by ram pressure during the
infall. Another detail we can observe in panel (b) for ENZO and
AREPO is how, due to the out�ows caused by SNe feedback, we
can distinguish holes in the gas distribution. This highlights how
SNe feedback also plays a signi�cant role in the expulsion of
gas in these low-mass halos. The fact that this is only visible in
these codes in this Figure is due to the choice of snapshot. In the
animation showing the full temporal evolution (see footnote 4),
these features formed in the other codes as well, although they
are less prominent in GADGET-3 and GEAR. This aligns with
the �ndings of Paper VI and may be due to a systematic behavior
of SPH codes or the di� erent implementations of SNe feedback
in these models.

At the �rst apocenter, in the third row (c), we show the gas
density remaining after the �rst pericenter passage where the

4 A movie showcasing the complete temporal evolution of the sub-
halo's gas density and temperature during the infall is available at this
link. The movie is synchronized across codes so that each frame corre-
sponds to the same orbital stage of the trajectory relative to the host and
spans from when the satellites are at 6Rhost

vir to their second apocenter
(or until the last available snapshot of the simulation if they have not
reached it yet).
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Fig. 9: Gas density of the same subhalo across the di� erent models during their infall to the host halo. Each column represents a
di� erent model, while each row indicates the same infall stage. These stages are highlighted in Figure 10:(a) �rst snapshot at a
distance to the host lower than 2Rhost

vir , (b) at tinfall , (c) during the �rst apocentre, and(d) during the second infall, slightly before
the second pericentre. White solid circle show the subhalo virial radius, while the white arrow provides information about the
subhalo's velocity, showing the predicted position of the center of the subhalo in 100 Myr assuming the same velocity as in the
current snapshot. An animation showcasing the complete temporal evolution of the subhalo's gas density and temperature during
the infall is available at this link (see footnote 4) .

ram pressure and tidal stripping are supposed to be maximum.
The satellite in AREPO-T has undergone a complete gas re-
moval after its �rst pericenter. In the cases of ART-I, ENZO and
GADGET-3, the satellite's gas has been stripped from its out-
skirts, retaining a dense region of gas at its center. In contrast,
the satellite in GEAR retains its gas in a more e� cient way,
showing minimal stripping compared to the other models. It is
noteworthy that in this panel, the satellite in ART-I is undergo-
ing a high-speed encounter with another satellite, located within
its virial radius along the positive Y axis. We will study this event
in further detail later in this section. Furthermore, the decrease
in size of the virial radius for all the models indicates e� ective
tidal stripping of less bound dark matter particles from the outer
regions of the halo.

In bottom row (d), just before the second pericentre, we ap-
preciate how the satellite's gas in ENZO and GADGET-3 is close
to be completely stripped, retaining only the innermost and dens-
est regions of their ISM, similar to �ndings in Samuel et al.
(2022). In ART-I, the satellite has undergone complete gas re-
moval due to a highly e� ective combination of stripping and ha-
rassment. In AREPO-T, the satellite does not reaccrete gas any-
more so it remains quenched, while GEAR is the only model

in which the satellite retains a signi�cant amount of gas and re-
mains largely star-forming during its second infall, even after 5
Gyr of evolution.

To analyze in detail the physical processes observed in the
Figure 9 and discussed above, we represent the evolution of key
properties and parameters of the satellite during its history in
Figure 10. This plot gives the essential information required to
assess the contribution and signi�cance of the quenching mech-
anisms under study. In the �rst row, we compare the trajec-
tory of the satellite across di� erent models. Orbits for ENZO,
GADGET-3, GEAR and AREPO-T are quite similar with some
timing discrepancies: ENZO crosses the host virial radius at
z � 1:3 while the other models cross it around z� 1:1. In con-
trast, ART-I shows an infall redshift of z� 0:9 and displays a
less eccentric orbit than the other models. Due to the timing dis-
crepancies, presented in Paper IV, and di� erences in the �nal
snapshots for each model, the satellite reaches two pericenters in
ART-I and GADGET-3, three pericenters in ENZO and AREPO-
T, and only one pericenter in GEAR. In the second and third
rows, we plot the evolution of the ram pressure felt by the gas,
the restoring force per unit of area exerted by the gravity of the
subhalo and the ratio between them. The fourth row shows how
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