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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 1o 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, < 10® 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 expected to form close to the virial radius of the halo and are
therefore commonly referred to as virial shocks. Although virial

Understanding how, when, and why star formation ceases in both shocks may be unstable, and so not survive, around low mass

satellite and field galaxies remains a topic of great interest in as- h -
alos, they are expected to be an inevitable consequence of
tronomy (Peng et al. 2010; Schaye et al. 2010; Wetzel et al. 2013; structure formation for halos above few times 10! My (Birn-

Nelson et al. 2018; Donnari et al. 2021). Ultimately, the mecha- boim & Dekel 2003; Keres et al. 2005). This points to a mass
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 (Dekel et al. 2019). Thus, this scenario naturally leads to the

which the gas is replenished via accretion, In current galaxy for- observed bimodality between central galaxies above and below
mation scenario, gas surrounding halos falls into their potential M, ~ 10'5M, (Kauffmann et al. 2003; Dekel & Birnboim
well, fueling star formation of the galaxies embedded in them. 2066) © ’ ’

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

quenching, due to halting of gas accretion, of halos more mas-
sive than the so-called golden mass around My, ~ 102 Mg

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

32 Corresponding authors. et al. 2016; Merluzzi et al. 2016; Wright et al. 2022; Samuel
3 Code leaders. et al. 2023; Wang et al. 2024). Satellite galaxies are expected
34 https://www.agorasimulations.org/ to undergo a variety of physical processes during their infall
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to their host halos. The strong tidal forces experienced by tfee=dback, code arquitecture and virial shock formation, make
satellite due to the presence of a central galaxy can remove dhik a compelling area of study for the AGORA (Assembling
matter (DM), gas and stars from the galaxy, in a process call@dlaxies of Resolved Anatomy) code comparison project, whose
tidal stripping (Read et al. 2006). Tidal forces may also perturgarlier simulations are shown in Kim et al. (2014, 2016) (here-
the structure of galaxies changing satellite’s morphology (Mayafter Paper | and Paper II, respectively). The AGORA project
et al. 2001). Moreover, as the satellite travels through the deréms to enhance the predictive capabilities of numerical galaxy
host CGM, the gas bound to the satellite is going to feel a drimgmation simulations by comparing high-resolution galaxy-
force due to the relative motion of the two uids. If the dragscale calculations across multiple code platforms. In this large
force exceeds the restoring force due to the satellite's own gravternational collaboration, leading simulation code researchers
ity, its gas is going to be stripped in a process calded pressure are engaged in examining how dirent simulation codes con-
stripping (Gunn & Gott 1972; Abadi et al. 1999). In addition toverge or diverge when applied to the same initial conditions,
ram-pressure stripping, the interaction between the satellite's gasle keeping the physical implementations as consistent as pos-
and the hatvarm host CGM can lead to a slower but continuousible. In this paper, we analyze the quenching of the satellite pop-
gas loss, usually referred to aentinuousor viscougurbulent ulation around a MW-mass target halo, us@gsmoRusimula-
stripping caused by the Kelvin—Helmholtz (KH) instability in-tions described in Roca-Fabrega et al. (2021, 2024) (hereafter
duced by the host gas (Nulsen 1982; Quilis et al. 2000; Sch&aper Il and Paper 1V, respectively). The satellite population in
& Struck 2001). There are other mechanisms that are usually these simulations has been carefully studied in Jung et al. (2024)
voked to contribute to the loss of gas from the satellite galaxereafter, Paper V), whereas the eliences in the circumgalac-
such as that known aglaxy harassmenthere satellite galax- tic medium (CGM) across the dérent models has been pre-
ies are progressively “heated" by high-speed encounters wsdmted in Strawn et al. (2024) (hereafter, Paper VI). Historically,
other satellite galaxies, becoming more prone to disruption bgde comparisons between grid-based and smoothed particle hy-
the potential well of the halo (Moore et al. 1996). Whereas tldzgodynamics (SPH) methods revealed signi cant discrepancies
aforementioned mechanisms are in charge of the gas remowathe treatment of uid instabilities, such as the suppression of
satellites living inside virial shocked halos will also see their coldscous stripping in SPH codes, since they were unable to repro-
gas supply cut o (Gabor & Davé 2015), in a process often calleduce dynamical instabilities (Agertz et al. 2007). Although sub-
strangulationin the literature (Peng et al. 2015), preventing otstantial e orts have been made to improve the treatment of in-
satellite from replenishing its gas reservoirs. stabilities in SPH codes (Price 2008; Wadsley et al. 2008; Read
Within our Local Group (LG), satellite galaxies are almostt al. 2010), comparing how satellite quenching occurs across
all gas-poor and quiescent, except for some of the most mes-erent codes employing distinct hydrodynamic techniques re-
sive satellites like the Magellanic Clouds, LGS3, and IC10 (e.gains an essential task in numerical astrophysics to assess the
Grcevich & Putman 2009a; Kirby et al. 2013; McConnachieeproducibility of our results. In this paper, we are going to com-
2012; Spekkens et al. 2014; Wetzel et al. 2015b), suggesting tbaite ve' hydrodynamicCosmoRusimulations, all performed
their gas is e ciently removed by some stripping mechanisnwith the state-of-the-art galaxy simulation codes widely used in
Due to the unmatched depth and completeness of observatitvesnumerical galaxy formation community, and study the evo-
of its satellite population, the MW has become the primary refdution of the properties of their satellites during the interaction
ence for simulations exploring the fundamental physics of satelith the host halo. This approach allows us to determine if our
lite quenching and their timescales (Mayer et al. 2006; Simpstasults are consistent regardless of the code architecture and stel-
et al. 2018; Akins et al. 2021; Samuel et al. 2022; Samuel et larr feedback physics employed. Conversely, any divergence in
2023). Consequently, it is essential to determine if our LG is refite results will help us understand the impact of varying feed-
resentative, prompting signi cant erts to observe MW-analogsback and code models, providing us with a more informed inter-
and analyze their satellite populations: from the pioneering wapketation of our observables.
by Zaritsky et al. (1993; 1997) to the recent Satellites Around Thi . ized foll - Section 2 id
Galactic Analogs (SAGA) Survey (Geha et al. 2017; Mao et al IS paper Is organized as Tollows. Section - provides an

2021, 2024) in which they study the properties for 378 satelli é/i:arvura]w Otf)rt]h? ?(??EA%?SPOIEQT'B'PU'?J'?”’ mc;uﬁmgrﬁie— nd
galaxies around 101 MW-analogs. alls on subhalo laenti cation, steflar particle assignment, a

Combparisons between the satellite properties and auenchd) de nition of quiescence. Section 3 presents the quenched
P prop 9 l21%tion of the satellite population and its evolution with cos-

fractions from the SAGA survey, the Local Group (LG), an ic time across all models, as well as the satellite quenching

other Milky Way analog surveys, such as the Exploration @ -
; escales for each model. We then assess the contribution of
Local VolumE Satellites (ELVES) Survey (Carlsten et al. 202 i_erent quenching mechanisms for each model and identify

2022; Greene et al. 2023), have revealed some tension. These : ; : . . )
comparisons suggest that our LG has a higher fractiont}y%ﬁdommam mechanism. Section 4 summarizes the main con

uenched satellites than their analogs, which has been usuilp. o and divergences between models and highlights the
gttributed to potential dierences in thg z;\ssembly history of th§ | cant contributions of comparison projects like this to the
host halo (Hausammann et al. 2019). Even though, this t%eIsegtgilfgzrsrml&lgé%?g Flgr?g)gimuslaet?(t)lr?g 5 we outline key
sion was somewhat alleviated with the latest SAGA data release 9y '
(Geha et al. 2024) after increasing their host statistics and apply-
ing a correction method to their quenched fraction for spectro-
scopic incompleteness. Recentogts from the simulation side , _ ) :
have begun to understand this discrepancy (e.g. Kaf“f?aka\ggg:‘iéeJ2§‘5$7y°‘32”§§éeﬁ'tﬁeﬁ*;e zggmei/ogcrees tﬂ:ﬁ:ﬂ k:gtFr)Z;gI:Szlv-
e]E al. 2L0é21 or .llzlomdet al. 20.22)' however the representativen d thus covering host masses close to the critical threshold where
orour Is still under que_stlon. . . virial shocks are expected to form. The lowest redshift achieved by each
~ The unresolved questions surrounding quenching meckgde group does not re ect the performance of the code but instead the
nisms a ecting satellites in a Milky Way-mass halo, along withwvailability of manpower and CPU time at the computational facilities
the sensitivity of these mechanisms to factors such as stelach group had access to.
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2. Methodology The di erences in the CGM properties of the target halo, pri-
) ) ) marily driven by the varying feedback prescriptions of each code
2.1. The AGORA CosmoRuSimulation Suite - such as their ability to expel metals - are analyzed in detail in

. . . P VI.
Throughout this paper we use a subset of simulations from th%Ioer

CosmoRusimulation suite described in Paper Il and Paper IV.

CosmoRuriis a suite of high-resolution cosmological zoom-ir2.2. Star assignment

simulations of a Milky Way-mass halo (10'2M at z = 0) _ o _ _

across multiple code platforms. The simulations analyzed herdm study the satellite galaxies in our simulations, we need to

started from the same cosmological initial conditions, creatiétentify the subhalos that formed stars. We assign stellar parti-

using the software MUSIC, which generates a realistic distfiles to a halo following the process outlined in Paper V, summa-

bution of dark matter and primordial gas at a starting redshifzed below. Firstly, all the stellar particles located withiBRyi

z = 100. The adopted cosmological parameters are= 0:728, from the halo are identi ed. Next, we narrow down the selec-
matter = 0:272, pm = 0:227, g = 0:807, n = 0:961, and tion to those with velocities relative to the halo that are less than

h = 0:702. The subset of simulations used in this paper cofvice the halo’s maximum circular velocity. We then calculate

sists of 5 out of the original 8 codes in Paper IV, for which wehe radius that contains 90% of the stellar particlepXBnd the

already have snapshots at z0:3. This subset includes: adap-tellar velocity dispersion (.el). To re ne our selection, we Iter

tive mesh re nement (AMR) codes ART-I (Kravtsov et al. 19974he stellar particles by applying two additional criteria: (1) they

and ENZO (Bryan et al. 2014; Brummel-Smith et al. 2019), SPRust be located within:3Rg of the center of mass of the halo

codes GADGET-3 (an updated version of GADGET-2; Spring@nd stellar particles, and (2) their velocities relative to the halo

2005) and GEAR (Revaz & Jablonka 2012); and the movinfust be less than 2.. This process is iterated, recalculating

mesh (MM) code AREPO-T (Springel 2010). We refer to thBeo and el for the selected particles until the values converge

version used of AREPO as AREPO-T, which represents tifeWwithin 99% of the previous iteration. We proceed from the

AREPO code with thermal feedback (the details about AREPQ}0St massive halos down to smaller ones, ensuring that no stellar

T model are ilustrated in footnote 55 of Paper IV). How galaxid¥rticles are reassigned once they have been already associated

formed and evolved has been studied using all theserdint With a more massive halo. Finally, we de ne “galaxies” as those

approaches, each with its own advantages and disadvantage%itih stellar masses at least six times the approximate stellar par-

Paper Il and Paper IV was shown that all the codes reachedige mass resolution (i.e., ¥y > 6mgasic= 3:39  10°M ; see

overall agreement in the stellar properties of the target halo ap@ction 3.1 of Paper Il).

in its mass assembly history, after a series of c%ilgration steps.

Atz = 0, all the codes converge to roughly, 10*“M and L .

M 10'M , a more detailed analysis can be found in Paparg' De nition of quiescence

V. In observations, the most accepted criteria to de ne when a
Codes participating in AGORA share much of the physiacglaxy is quiescent relies on the star formation rate (SFR) de-
that governs their operation: gas heating and cooling paranermined using tracers such as HUV/FUV, HI or CO emission
ters, implemented by the common package GRACKLE (Smifb.g., Leroy et al. 2008; Grcevich & Putman 2009b; Spekkens
et al. 2016). Redshift dependent cosmic ultraviolet backgrouaetial. 2014; Putman et al. 2021). The former two provide in-
(Haardt & Madau 2012), also provided by GRACKLE. Star forsights into recent star formation over the past few 10 MyrYH
mation criteria are also identical for all the codes, with the err few 100 Myr (UMFUV), while the latter two re ect the abun-
ception of choosing the stochastic or deterministic nature of thiance of cold gas, serving as an indicator of instantaneous star
process. Regarding to the code-dependent physics, each dodwmation. Our simulations enable the computation of both the
group is given the freedom to choose its own feedback schecmnplete time-resolved star formation history and the gas con-
for energy and metals. Details of both the common and codent. Hence, we intend to utilize information from both metrics to
dependent physics of each code are described with great detaihe quiescence in our galaxies, following a methodology akin
in Paper Il and Paper IV. to that presented in Samuel et al. (2022). Unless otherwise spec-

Particle-based (i.e. SPH and MM) codesdasmoRusimu- i €d, throughout this paper, we categorize a galaxy as quenched
lations have a gravitational force softening length in the highedftit ful Is these three conditions(i) it has not undergone star
resolution region of 800 comoving pc untilz9 and 80 proper formation activity within the last 200 Myrgji) its star-forming
pc afterward. In the case of grid-based codes, the nest cell si@s mass content (¥ 10'K and ny > 1cm ®) is lower than
is set to 163 comoving pc, or 12 additional re nement levels f&ix times the approximate mass resolution of gas particles (i.e.,
a 128 root resolution in a (60 comoving BMpc?) box. A cell MsF gas < Mgas,ic = 3:39  10°M ), and(iii) the galaxy ful-
is adaptively re ned into 8 child cells on particle over-densitiedls the previous two conditions for the rest of its lifetime. We

of 4. For details on runtime parameters, we refer the reader/@i €d that our results were consistent with alternative de ni-
Paper IlI. tions, such as applying a condition of SSRRLO 'yr ! alone,

In Paper V, it was shown that the population of satellité’githom altering the conclusions throughout the paper.

in all CosmoRumimulations is comparable to that of MW or

M31in their stellar masses and stellar velocity dispersions, prahz Gas assigment

ing that by implementing the common baryonic physics adopted

in AGORA and the stellar feedback prescription commonljo understand the quenching process of our satellites and cor-
used in each code, the so-called “missing satellite problem”riectly determine their timescale, it is crucial to accurately com-
fully resolved across all participating codes. Some systemapigte their gas content, ensuring no contamination from unbound
di erences in the stellar to halo mass relation were reportgds from the host CGM. In particle-based simulations, this step
with ART-1 and GEAR showing larger MM pq0 than ENZO or is straightforward as we assign gas particles to each halo based
AREPO-T. 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 dérent 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 haloggm(r), extending out to a radius
2F{)§5‘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 distance 2I‘\"ji?5twe compute the gas

mass within its virial radius, Igir‘};(r) in each snapshot during

its infall. We then estimate the host gas mass at that distance
r for a sphere of E{r'b, considering snapshots before and after
the subhalo was located at that position r:

Mcem(r) = CGM(r)%(R;S,iUr 3 1)

and average the values from the previou2f}{§) and sub-

sequent (l\@OGS,t\A) shapshots 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
shapshots with small temporal separation (see Paper Il and
Paper IV where the short timesteps are described).

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

Mgggnd gagr) = Magg(r) MCGM(r) (2)

where Meeu(r) = ME’E,{A(r)_ + MRS (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, usingHige 1: Schematic illustrating the process used to determine the
average gas density pro le, robustly captures the order of magsitbhalo's gas mass in grid-based codes. This involves correct-
tude of the mass contribution related to the CGM for each coiing the total gas mass within the subhalo's virial radius by sub-
ponent. However, satellites in our simulations may encounteacting the host's CGM that is momentarily inside the subhalo's
many local perturbations in the CGM along their orbital pathvirial radius but not truly associated with it, as described in Sec-
These variations arise from feedback-driven winds from the hdisin 2.4. The host's CGM mass at the snapshots before and after
galaxy, clumpy gas accretion from the IGM, and stripped g#e subhalo's passage is computed using the average gas density
from other satellites. Our approach neglects these local varige le, considering a sphere of the subhalo’s virial radius during
tions, that can lead to arti cial spikes and drops of gas mass. e passage. A comparison between the gas mass obtained using
mitigate this, we smooth the evolution of the gas mass, by dpis method and that using bound gas particles in particle-based
plying a median Iter with a kernel window of 200 Myr, to focuscodes is presented in Figure A.2 in Appendix A.
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 timeetfal. 2012), the identi cation of subhalos is notably more chal-
our satellite. To test the reliability of this method, we determirlenging, owing to their tendency to blend into the variable back-
the gas mass in particle-based codes using both this method gwadind density of their larger host (see Mans eld et al. 2023 for
by identifying the gas particles actually bound to the subhalan overview on subhalo nding). Even widely used algorithms
nding good convergence between the two approaches. Resulish as ROCKSTAR (Behroozi et al. 2012a), which employ 6D
comparing both approaches are shown in Appendix A. 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 reliable identi cation of subhalos during their interaction The initial approach followed on this paper consists of using
with the host remains a nuanced challenge in numerical sSiImuROCKSTAR halo nder rst, which identi es all the (sub)halos
tions. Although reasonable agreement exists among halo ndésa single snapshot by looking for overdensities on matter dis-
regarding the positions and attributes of isolated halos (Knetpibution using the 6D phase-space. Then, we usetbiger tree

2.5. Subhalo nding
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code Consistent-Trees (Behroozi et al. 2012b) to establish come account particles that become physically bound to the sub-
nections between halos and subhalos across temporal instarftas. as it travels through the host halo's outskirts.
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 whengfhge our subhalo crosses host virial radius, we no longer rely on
subhalo is close to the host material, hindering the identi catigocT output. Instead, for the subsequent snapshots we nd our
of associated density contrast (Muldrew et al. 2010; Knebe et&lphalo by tracking its DM member particles prior to accretion.
2011; Han et al. 2012), when unbound streams stripped from (R impose the condition that no additional particles are accreted
subhalo have a substantial mass compared to the subhalo itsghhe subhalo during its infall. While this assumption may not
(Han et al. 2017). This can cause RCT to lose or misidentifyigq true in all instances, particularly during major mergers, the
fractlo_n of sub.halos (Mans eld et aI.. 2023; Diemer et al. 2023}ru,mber of accreted particles should typically be small in com-
especially during and after the pericenter passage, after expgHirison to the initial mass of the subhalo (Behroozi et al. 2015;
encing a signi cant loss of mass. In such cases, the subhalo nig¥mer et al. 2023). Even when a host particle's existing trajec-
be mistakenly identi ed as already merged with the host whegyy |eads it to come close enough to be gravitationally bound
itis, in fact, still a separate bound substructure. Alternatively,iy 3 subhalo, it is rapidly lost again and has little impact on the
could be wrongly identi ed as a derent subhalo, which is notsphalo's mass long-term evolution (Han et al. 2012). This sim-
truly associated with the subhalo’s particles. pli cation signi cantly reduces computational time. As an ex-
To prevent premature loss of subhalos, we employ a methgshtion, if a subhalo contains its own (sub)subhalo population
similar to the approaches used by the SYMFIND (Mans el@efore crossing the host's virial radius, we allow the particles
et al. 2023) and SPARTA (Diemer et al. 2023) algorithms. Bo#f these (sub)subhalos to be accreted by the subhalo during its
of them have proved how RCT combined wijhrticle-tracking infall.
of subhalos reliably extends their lifetime during their infall to At each snapshot, we track the member particles and we per-
the host, as long as they remain a distinct sub-structure. As#m an unbinding, removing particles that are not gravitational
these algorithms, we use RCT output as the input for our methgglnd, Each subhalo's position is determined by the position of
and track the particles originally belonging to a subhalo prior {ie 32 most gravitationally DM bound particles (or the 10% most
its rstinfall, relying only on these particles to identify the suby,oyng if the number of member particles is lower than 320),
halo at later times. In the subsections below, we outline the g&filce the mean particle position is not a good estimator when the
eral structure of our particle-tracking approach, highlighting thgstribution is anisotropic.
dierent steps and decisions involved. Subhalo properties are computed using particles insfje R
which is computed using bound subhalo particles and following
2.5.1. Merger tree post-processing Bryan & Norman (1998) de nitior&I We determine the maximum

2.5.3. Subhalo tracking and properties

; : — Gm(<r)
We post-process the RCT merger trees by removing spuriéﬂgat'onal velocity as pax = max roo

branches as follows; we discard any branch of the merger tree
that originated as a subhalo within a more massive halo, Whiég 4. Endi bhal
in simulations with ne snapshots indicates a numerical artf=>-*- =nding a subhalo

fact (Mans eld et al. 2023). Such spurious branches are ofne |ast step in our algorithm involves checking whether our
ten generated due to subhalos that are incorrectly identi ed gshhalo remains a distinct substructure or if it has been disrupted
merged, even though they remain independent substructuregherged with its host. We de ne a subhalo as disrupted if the
the host halo. Consequently, when ROCKSTAR re-detects thgfiinber of bound particles @ding is lower than 20. However,

in later snapshots, Consistent-Trees mistakenly considers th&fRain subhalos can sink to the host center and remain there
as new branches originating within the host halo. Occasionallyge nitely (Han et al. 2017). As all of their particles are on
Consistent-Trees does not consider them as a new branch buf&$-radius orbits, they can sustaimd.g> 20 even though their
signs them as the evolution of a smaller subhalo branch nearbyiicles are no longer signi cantly distinguishable from those
6D phase space. To clean our merger tree in this case, we remg\@eir host (Diemer et al. 2023). Consequently, we terminate a
all branches that exhibit an unphysical abrupt mass increase §byhalo if its distance to the center of the host halo is less than the
a factor of 10) between two consecutive snapshots. subhalo's half mass radius.§f) 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
We identify the particles belonging to each subhalo at the snaew host.

shot prior to infall into the host, to avoid contaminating the sub-

halo member particles with host particles. To determine subhal . :

member partigles, we adopt a sienilar de nition to that used %%5 Comparing with RCT

Diemer et al. (2023). We designate all DM particles withirfi®R Resyits for applying this particle-tracking approach to a repre-
as candidate members, and then we require the ful llment of gdntative subhalo are shown in Figure 2 for all the ComsoRun

2.5.2. Subhalo member particles

least one of these two conditions: . models analyzed in this paper. Please note that the method used
i) the particle entered J&° for the rst time at least 28" {5 match subhalos between codes, ensuring we are tracking the

from the host center, same subhalo, is described in Section 2.6. Moreover, the evolu-
ii) the particle's total energy is negative. tion of the properties of this subhalo across theedéent mod-

The former condition excludes host particles that happenéts is going to be studied in detail in Section 3.4.2. On the top
be currently co-located with the subhalo, while the latter takpanel 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 (ROCKSdAStistent-Trees)

(blue solid line) and our algorithm (red dashed line), until the last snapshot available for each run. The time domain where snapsh
are still not available for each speci ¢ code are indicated as a grey shaded régjorsubhalo’s trajectory during its infall to the

host halo, with the host virial radius indicated by the horizontal grey dashedlateam: 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 (BRS,};D. 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 th
study of the subhalo properties evolution.

whereas on the bottom one the mass evolution with respecbits. In addition, for GEAR and AREPO-T models, RCT is also
the host. Before comparing both methods, it is worth mentiolosing our subhalos during the nal snapshots. Biences in

ing that although the subhalo originates from the same IC in &CT's ability to track subhalos across models are mainly due
models, di erences arise in the humber of pericenters and tteevariations in their orbits, which pose dirent challenges for
depth of each pericenter depending on the model. One possRET and lead to the satellite being considered merged at dif-
factor behind these derences is the inter-code timing discrepferent times depending on the model. Our approach is capable
ancies in accretion times detected in Paper IV (see Appendixtracking the subhalo until the actual merger or the end of
C in that paper), where it was found that small eliences at the simulation (indicated by the grey shaded region), whereas
high redshift can lead to changes in the impact parametersRET prematurely loses subhalos even when they remain rela-
infalling subhalos. Additionally, these timing discrepancies afively massive (several times 9 ) and still easily detectable
fect the mass of the main halo, causing slight variations in hdst eye.

halo mass. While these variations are small, due to the stochas- . .
tic nature of gravitational interactions, even minorefiences in N Figure 3, we present the stellar surface density for all the

mass can in uence the orbits of our satellites. The comparisipdels atz 0:3. We compare “reliable’ satellite galaxies iden-
between the output for RCT and our particle-tracking output aéd USing our particle-tracking approach with those identi ed
plotted as colored lines. For the snapshots when RCT is still ¢ing only RCT. We de ne a ‘reliable’ satellite galaxy as a sub-

tecting the subhalo, there is complete agreement in the sub that was not originally formed within the hosts virial radius
position. The mass evolution is almost identical for both met@Nd contained stellar particles before becoming a subhalo. Fig-

ods, with the particle-tracking predicting slightly lower masse4€ 3 |IIu_strates that RCT often fails to tra_cka_5|gn| cant number
during pericenters. This could come from a small amount of hédiSatellites. Although ROCKSTAR may identify these subhalos
matter being incidentally associated with the subhalo by ROCRU€ t0 their now detectable density contrast, Consistent-Trees
STAR when the subhalos is crossing the densest regions of ha_ve lost them previously and now erroneously associates
halo, as they detect in Mans eld et al. (2023). Figure 2 sho/aém with branches of other subhalos. Consequently, these sub-

how the subhalo analyzed was wrongly identi ed as merged los are not considered reliable by our criteria, as their evolu-

RCT for severaCosmoRumodels. This issue is particularly ey-tion cannot be investigated. In contrast, our method substantially

ident for ART-I and ENZO, where our particle-tracking metholicreases the number of reliably detected satellites by tracking

enables the subhalo to be followed for nearly two additional of/Phalos 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 dierent 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 th&CosmoRusuite, where all the codes start from
the same initial condition atz 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 ENZCosmoRuat 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. Fig. 4: The evolution of the satellites numbe_r count across cos-
In addition, given the manageable number of subhalos cofil¢ time for all CosmoRumodels analyzed in this paper. We
sistency of their matching by checking their position in the e@nd also the “splashback' gal_aX|es. Marker_s and_llnes represent
phase space during infall and comparing the host's evolutiond¢ average number of satellites for each time bop panel:
stage when the subhalos cross the host's virial radius. This i€ evolution of the total number of satellite galaxies for all

sures that we are comparing the same subhalos acrossedt Models.Central and bottom panels: Evolution of the number
codes. of satellite galaxies with Meax< 101°M  and Meax> 10°M

respectively.

3. Results

3.1. Evolution of satellite population ] ] ) )
i ] o . feedback implementation should be cautious when comparing
The di erent choices of stellar feedback signi cantly in uencgheir results.

whether the subhalos population will host star forming gas and

how much of this will be available during its evolution, determin- In the top panel of Figure 4, we present the evolution for
ing the amount of stellar mass that our subhalos can produte total number of satellite galaxies. The population of satel-
Thus, the number of satellites and their evolution over cosnlites increases until z 1 across all models, after which it re-
time can provide insights into the ects of the various feedbackmains roughly constant, as the host halo was selected for its
recipes used. This evolution for ea€ClbsmoRumodel is shown quiet merger history to resemble the MW. Overall, there is good
in Figure 4. We consider as satellite galaxies both galaxies cagreement between the models on the evolution of the number of
tained inside the host's virial radius, and the ones that are tesatellites, with the exception of ART-I (blue line). ART-I shows
porally outside due to their orbit but that were previously inside slightly higher number count of satellites at z1  0:5 fol-

- so called “backsplash” galaxies (Diemer 2021). For the colowed by a decline, ultimately converging with the other mod-
venience of the reader, we will continue to refer to theedent els and eventually even exhibiting a lower number of subha-
CosmoRumodels by the code name, rather than specifying eadls. This sharp decline in ART-I is primarily due to a signi -
time that it is the model with the speci ¢ feedback implemenzant fraction of subhalos being disrupted during the last major
tation from theCosmoRugimulations. This implies that othermerger around z 0:5. In the central and bottom panels we
simulation groups using an AGORA code but with a elient show the result of splitting the satellites population in twoett
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ent mass ranges (low vs. high mass), using the peak hald mass
The number of satellites with Mak > 101°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 theCosmoRuas shown in Paper Il and Paper V.
Nonetheless, the small dérences 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 arior slightly di erent density pro les.
Regarding the satellite number counts withe < 10'°°M

there is good agreement between models, with some scatter since
z 1, when ART-l and GADGET-3 show higher counts than
GEAR, AREPO-T and ENZO until the sharp decline of ART Izig. 5: Stellar-to-halo mass relation (SHMR) at z0:3 for the

at z  0:5. Interestingly, we found that ART-I and GADGETVe CosmoRumodels reaching =< 1. Each galaxy is plot-

exhibit the highest eciency in star-formation in low-mass ha- : X -
los, which may explain the higher number of subhalos in th(—:%éj as a single marker. Solid and de}shed colored lines represent
moblels between z 1 and z 0:3 the mean value of stellar masses in each peak halo mass bin
. o . for each model. The grey dotted, dashed and dot-dashed lines
Figure 5 shows the stellar-to-halo mass relation (SHMR)

i . &te for dwarf galaxies in other cosmological zoom-in simula-
z 0:3for the ve CosmoRumodels analyzed through this Pations at z= 0 (FIRE-2, Auriga and DC Justice League, respec-

per. One may notice that halos _in some que_ls p_roduce _Conﬂ\(?ély; (Hopkins et al. 2018; Grand et al. 2021; Munshi et al.
erably higher stellar mass than in others, highlighting the impagd>1)y “The solid and dashed black lines without markers are
of the di erent feedback models and codes in the stellar m%%?ni-empirical models for:@ < z < 0:5 with extrapolation to

produced. These derences are particularly pronounced for h%w-mass alaxies (Learand et al. 2019 Girelli et al. 2020
los with Mpeak > 10'°M , where the stellar mass in GEAR halos 9 (Leg ' ’ . )-

exceeds that of AREPO-T halos by around 2 dex.

While the CosmoRusimulations are calibrated to yield the In Figure 5, we also compare the SHMR of our models with
same stellar mass at=z 4 for the main galaxy, and this con-previous results of other cosmological zoom-in simulations. The
vergence persists down to lower redshifts (see Figure 4 of Paick grey dotted, dashed and dot-dashed represent the SHMR
per V), the scatter among dérent models is greater for lesfor dwarf galaxies at z 0 in the FIRE-2, Auriga and DC Justice
massive galaxies. This can be understood as a consequendeeafiue simulations, respectively; (Hopkins et al. 2018; Grand
the di erent supernova (SN) feedback recipes, which haveetaal. 2021; Munshi et al. 2021). The dashed and solid black
more signi cant impact on low-mass halos due to their shallowénes without markers represent the predictions extracted from
gravitational potential wells. In these low-mass halos, superna@mi-analytical models at® < z < 0:5 with extrapolation to
winds can expel gas more ectively, whereas for halos with to-dwarf galaxies (Legrand et al. 2019; Girelli et al. 2020). Overall,
tal masses above a few times'iM , SN feedback becomes notour models t, within their scatter, the predictions of the semi-
e cient (Dekel & Silk 1986; Dekel et al. 2019), so dirences analytical models. On the other hand, in general, the SHMR of
due to di erent SN feedback implementations are expected totgr models is slightly lower than that obtained in other simula-
lower. tions at z= 0. However, it is worth noting that the other simula-

By comparing our SHMR at z 0:3, shown in Figure 5, with tions use the halo mass at=z0 instead of the peak halo mass.

the one at z= 2 presented in Figure 9 of Paper V, we can obserf@r eld galaxies, the peak halo mass usyally_coincides_with the
that the di erences between models are greater=a0z3. Addi- halo mass at z 0, but for satellite galgmes, tidal stripping re-
tionally, in general, we nd lower stellar masses at :3 forthe Moves dark matter from the halo while the stellar mass often
same halo mass at=z 2. This can be understood as a re ectiofeémains intact. Therefore, by including satellites in their sample
of the peak in stellar eciency occurring at z 2. In contrast, at @nd using the halo mass at20, they tend to have higher stellar
lower redshifts, star formation becomes lesscient while the Masses for the same halo mass.

halo continues to grow in mass, leading to lower stellar masses

for the same halo masses. Overall, the trends identi ed in Papes satellite quenched fraction across host halo evolution

V remain consistent. Attending to halos with peak halo masses ) )
greater than M , GEAR is the model forming the highestThe evolution of the host halo's CGM can have a strong impact
stellar masses, followed by ART-I and GADGET-3, while ENZ®n the properties of satellites when they enter the CGM region.
and AREPO-T form signi cantly fewer stars for the same halo$2 particular, it is expected that the quenched satellites fraction
These di erences on the stellar mass of our satellites are vighereafter §sa) increases when a warhot coronna of gas is
ally evident in Figure 3, where we presented the stellar surfakesent around the host halo.

density of the satellite population (along with some nearby eld In Figure 6, top row, we show the evolution gfs:for all the
galaxies) atz 0:3. models; whereas in the bottom row, we show the evolution for
eld  galaxies well outside the host in uence zong f4). By

2 We de ne peak halo mass as the maximum dark matter halo massSimilar to the approach followed in Paper V, we de ne eld halos
achieved by a halo during its evolution. using the following criteriai) A eld halo must reside beyond Z}?‘of
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comparing the dierent quenched fractions in both satellite angith these expectations, as all quenching mechanisms are more

eld galaxies, we identify how the evolution of the host CGMe cient when the host halo is more massive.

in uences satellite properties in contrast to dwarf galaxies pop- Figure 7 displays a comparison @fs for each model with

ulation not a ected by the central galaxy. To better visualize thebservations of Local Group (Wetzel et al. 2015b and Putman

e ects of the dierent CGM states on our satellite quenchinggt al. 2021) and MW-analogs from the SAGA (Geha et al. 2024)

red and orange shaded regions in both panels are highlightingl ELVES (Carlsten et al. 2022) surveys, as well as with other

the epochs when the host halo is more massive thah®'M  cosmological simulations of MW-mass halos (Simpson et al.
and 13°M , close to the mass when it is expected from th@018; Akins et al. 2021; Samuel et al. 2022). To facilitate com-
ory that the central galaxy develops a warm-hot CGM (Kerggrison with Figure 6, note that {.:is now computed in stellar

et al. 2005) (see Figures 6 and 9 in Paper VI). The mass of thess bins instead of halo mass bins. Since the SHMR varies be-

satellite galaxies is also a variable that needs to be accountedfiaren models, halos with M, 10*°M correspond now to

when studying satellites quenching (Fillingham et al. 2015). Thi¢ erent stellar mass ranges depending on the model. For in-
gravitational pull in more massive satellites can retain gas massnce, in AREPO-T, these halos typically have stellar masses
against the stripping processes in a moreaive way than less of a few times 16M , whereas in GEAR, they characteristi-
masive ones. To further analyze thiseet, in this gure, we di- cally reach around fM . Consistent with the ndings in Fig-
vide our satellite population sample into two mass bins, one witkhe 6, there is generally good agreement among models regard-
subhalos with a peak halo mass abové’M and another be- ing the quenched fraction of low stellar mass satellites with
low. We use the peak halo mass to ensure that we are compalihg< 10’ M , that is close to unity. However, the quenched frac-
the quenching of the same subhalos acrosemint models, as tion between models shows larger variation in the stellar mass
stellar mass would dier depending on the model, as shown irange of 10’ 10°M , where the quenched fraction for GEAR

Section 3.1. From Figure 6, we can conclude that: is below 20%, whereas for ART-1 is close to 60%. These re-

) ) _sults suggest a higher €iency on the satellite quenching in this

1. Low-mass subhalos undergo quenching earlier than the highss range in ART-1 compared to GEAR, similar to the trends
mass subhalos across all models. Thedfor them is higher opserved in Figure 6. For more massive satellites, with stellar
than that for high-mass subhalos throughout all the evoljrasses above 8M , nearly all remain star-forming across all
tion. This suggests that the quenching mechanism is boffadels, except for ART-I, which exhibits a higher quenched
more e ective and rapid for low-mass subhalos. fraction.

2. All models agree on tha; . for low-mass subhalos is con-  Before comparing with observations and other cosmologi-
sistently higher thangfeq for low-mass satellite galaxies,ca| simulations from dierent groups, it is important to clarify
especially rerlnarkable since when the host halo mass Sy§w we calculate the quenched fractions. Due to the lack of
passes 5 10MM . ) ) i host statistics, we use a common number of 50 snapshots start-

3. In all models, the high-mass satellite galaxies only quengfy from z < 1, when our host halo exceeds the critical mass
when the host halo exceeds ' (increasing §sa)- for virial shock formation in all models, up to z 0:3, the last
Meanwhile, the eld galaxies with the same mass remaigailable snapshot for GADGET-3 and GEAR, to ensure a con-
unquenched f(; riels = 0), except for the last time bin in sistent comparison between models. However, both the obser-
AREPO-T. _ vations and the simulations we compare against are at(

4. fgsardi ers among models, particularly for high-mass sulks shown in Figure 6,fis expected to increase as redshift de-
halos. While ART-1 and AREPO-T achievg d;:above 80% creases and the host halo evolves, as satellites interact with the
and 60%, respectively, for high-mass subhalos at 9:3, \warm corona gas of the host's CGM for a longer period. There-
GADGET-3 barely exceeds 15% and GEAR is not able fgre, the f should be interpreted as a lower limit compared to
quench any subhalo above,Mc = 10°°M . Although the the f, that would be computed atz 0, if host statistics were
models show better agreement fgif; in low-mass subha- ayailable, where a higher quenched fraction is expected. More-
los, GEAR also displays slightly loweg;£s compared to oyer, in relation to the observational data from the SAGA and
the other models. The causes behind these inter-code-di ELVES surveys, it is important to note that their satellite sam-
ences, in relation to the derent quenching mechanisms, argles may be biased by interlopers, i.e., eld galaxies incorrectly
analyzed in Sec 3.4.3 identi ed as satellites due to projection ects. This could lead

. . . : . to an arti cially lower quenched fraction, as these eld galaxies
As previously discussed, the suppression of cold in ows iIS\@ould likely be star-forming

predicted outcome for halos with masses exceeding a few t|mesDespite the dierences ind among our models, when com-

h . ; . -
10" M . In this context, the more massive host halo is the hogared to those;fobserved in Figure 7, all our models are con-

;[ﬁr Ittﬁis?ﬁohgtﬁ:(ﬁgjeiﬁ;hseol?rfgIl?/giIf?ég:lléfrsoxwirbrea;nc?:gs istent with the latest SAGA data within its host-to-host scat-
g Y 9 P r (cyan diamonds and cyan shaded region). For<MLO'M

when entering halos Wit_h larger MASSES. The tidal st_ripping W{lenched fractions for all the models are close to 100%, con-
also be naturally larger in halos with larger masses, i.e. stron Rlient with the ones observed in the LG and in ELVES' sur-
gravitational potential gradients. Due to the deepening of t y. For satellites with stellar masses in the range 10066 M ,
gravitational potential, statistically, the number of subhalos aid ", ) je|s generally show quenched fractions more in line with
their velocities also grow, increasing the possibility of high spe o SAGA survey than with the LG and ELVES, which observe
satellite-satellite encounters. Our results regarding the incre ﬁﬁhtly higher . However, the § from our modeI,s in this mass

of fq;sa When approaching 28M are thus in good agreemen ange is also consistent with that observed in the LG and ELVES

our target host halij) It must be more massive than”t0*M in dark within the scatter, especially when considering that qus £x-

matter, andiii) It must not be a subhalo of another halo (i.e., satellites Bcted to be higher at z 0. For satellites with stellar masses
other halos are excluded). After assigning stellar particles to these h@g®ve 18M , the ART-I model is the only one that matches the

using the method described in Section 2.2, we consider only the dienched fractions observed in LG and ELVES survey, whereas
galaxies whose stellar masses are heavier thagsenr 3:39 10°M  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 galaxigs &nd circle markers) across cosmic time compared with the
quenched fraction of eld galaxie®¢ttom and square markers) for each model. Markers indicate the myéamnefach 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 |
of the eld galaxies with higher transparency and vice versa to facilitate comparison. We follow the quenching de nition describec
in Section 2.3. The orange and red shaded regions represent the epochs when the host halo is more massi¢6'tdn &nd

10'2M , respectively. The time domain where snapshots are still not available for each speci ¢ code are indicated as a grey shad
region. Quenched fractions for satellite galaxies and eld galaxies above and b%l@\e/:MLOlOM are shown in dierent colors.

lar mass, which is consistent with SAGA data and previous ndistant to rapid environmental quenching for all the models,
ings (Fillingham et al. 2016; Akins et al. 2021). All our modelsvhereas satellites below 1M are compatible with fast and
are also in agreement with results from other cosmological sim- cient quenching showing quenching delay times below
ulations, considering the large uncertainties due to the lack2aGyr. These trends are generally consistent with the observa-
host statistics. In general, our models predict a lowee$pe- tional estimations for MW satellites (Wetzel et al. 2015b), for
cially for the mass range between’1énd 16;M . This may satellites in MW analogs (Greene et al. 2023) and for satellites
be primarily due to the fact that the quenched fractions in olirmore massive groups (Wheeler et al. 2014); as well as with re-
models should be understood as lower limits compared to $idts from cosmological simulations such as Akins et al. (2021)
expected quenched fractions at D, as mentioned above. and Samuel et al. (2022). Infall times in observations are esti-

These ndings illustrate how varying feedback implemermated by using the most likely .|nfall time fr.om cosmological
tations and code architecture for the same host and satelliiggulations for a surviving satellite of a speci c stellar mass. A
can result in dierent quenched fractions. Consequently, sonf@/€vant caveat when comparing our results with observational
models align with the quenched fractions observed in the Lestimates is that t.he latter assume aII.satellltes were star-forming
while others fall within the lower quenched fraction scatter ¢¥'i0r o their rst infall. This assumption may not be frue, for
the SAGA survey. See Section 3.4.3 for a more detailed analy3i@mple, if the satellites were acted by reionization or pre-

of the causes of the intercode érences. processing. . o _
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

3.3. When do satellites quench? example, for AREPO-T the quenching time scales for satellites

, _ o , withM  10° 10'M spread from 0 to 4 Gyr. These quenching
To investigate the quenching timescales of satellites, we de figiescales are generally within the uncertainty range provided
the quenching delay time agidncnh  tinta, Which measures the jyy (wetzel et al. 2015b). This scatter re ects, in part, that stellar
time it takes for a satellite to quench relative to infall into thg\55g by itself does not completely determine how long a satel-
host halo. lite can retain its cold gas against quenching processes. Other

In Figure 8 we show the quenching delay time versus satgictors, such as the eccentricity of the satellite's orbit, the initial
lite stellar mass for the dierent models. We include all SurViV—gas and DM mass, and the dirent gas and mass concentration,
ing satellites in the lowest-z available snapshot and those thijo play signi cant roles. This will be explored in more detail
merged with the host wheny,;> 5 10"M . We distinguish in Section 3.4, where will we also study the drent quenching
between quenched and star-forming satellites (red vs blue, tirescales among models by focussing on the physical mecha-
spectively), and also between those that quenched before meigms behind quenching.
ing and those that did not (red open circles vs blue open triangles, Some discrepancies between models can be highlighted. The
respectively). Star-forming satellites are represented by arromRT-I model is the only one that quenches satellites with masses
as their lookback infall time can be interpreted as a lower limihove 16 M (as shown in Figure 7), while for the rest of the
on the potential quenching timescale. models all galaxies with masses above this limit remain star-

All the models follow the same trend identi ed in obserforming, similar to the ndings in Akins et al. 2021. While
vations: the less massive the satellite galaxy is, the fastersttellites above fM in ART-I quench in timescales around
quenching. Satellites with stellar masses aboveMO are re- 3  4Gyr, in GEAR they remain star-forming even after

Article number, page 10 of 25



R. Rodriguez-Cardoso et al.: TAMSORAHigh-Resolution Galaxy Simulations Comparison Project VII

Fig. 7: Quenched fractions of satellite galaxies of@smoRutarget galaxy as a function of stellar mass for eeosmoRumodel,

with each one represented by a colored line. In order to match with observations, here a satellite galaxy is de ned as quenchec
sSFR< 10 yr 1. Due to lack of host statistics, we use a common number of 50 snapshots sin¢e when our host halo is
above the critical mass for virial shock formation in all models , up to 8:3, the last available snapshot for GADGET-3 and
GEAR, to ensure a consistent comparison between models. Each marker represents the mean valueeserdssndpshots for

each mass bin, with error bars indicating the standard deviation. Markers have been slightly displaced for clarity, but they represe
the same stellar mass bin. We compare our quenched fractions with observations of the LG (from Wetzel et al. 2015b updated w
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 ¢
2024) and ndings from ELVES survey (Carlsten et al. 2022). The cyan shaded region represents the SAGA host-tGtaistrl
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 (DCJ
(Akins et al. 2021), respectively. Note that both the observational data and the simulations from other groups we compare agai
are at z= 0. Since the range used in our case to calculate the mean quenched fraction for each mass bin is betlvesl z

z 0:3, our ; can be interpreted as a lower limit for the expected quenched fraction 8t z

5 Gyr of evolution, indicating discrepancies in the@ency of tion (Brown et al. 2014). However, since not all of our low-mass
quenching high-mass satellites, as shown in Figure 6. GEAR aadellites that are early quenched do so during the reionization
GADGET-3 have a higher abundance of star-forming galaxiepoch, alternative scenarios need to be considered. One possi-
pointing to higher quenching delay times than the other mokbiility is that reionization suppresses gas accretion, and any re-
els. In addition, GEAR also has a higher number of satellitezaining gas will be either expelled by stellar feedback (Benitez-
that were disrupted prior to quenching, indicatingetiences in Llambay et al. 2015) or consumed in star formation through
satellite-host interactions relative to the other models. Anotheelf-shielding (Katz et al. 2020). Moreover, heating from the UV
noteworthy detail is that the only satellite with M 10°M in  background (initially mentioned by Bullock et al. 2000), which
all models merges within very short timescales (1 Gyr or legsg¢aked around z 2 in our model (Haardt & Madau 2012),
while still star-forming, due to its more radial trajectory. In Seanay also contribute to the quenching of low-mass galaxies. En-
tion 3.4.3 we performed a more detailed analysis of the possisleonmental quenching outside the host halo is another poten-
sources of these intercode érences. tial mechanism. Ram-pressure stripping due to the host halo's

) gas can be eactive up to distances of approximately,4KCen

Many of the lowest-mass satellites, below1°M , un- 2014), while pre-processing within low-mass groups has been
dergo quenchlng _before infall. Here we W|Il_summar|ze the mapyted as a signi cant factor in the quenching of MW satellites
potential mechanisms for the early quenching. Although we hagetzel et al. 2015a; Samuel et al. 2022). Nevertheless, in addi-
studied some of them (e.g. the quenching time vs. reionizgsy, 1o these physical processes, numerical overquenching might
tion) it is not in our scope to provide the reader with a naksg pe a factor, particularly in galaxies close to the resolution
answer as this would require of a much deeper analysis thapit (Hopkins et al. 2018), as satellites with stellar masses be-
the one presented in this paper. Physical processes unrelatqgvgoloes; M in CosmoRugsimulations may experience arti cial

the host halo can lead to the loss of cold gas, resulting in g, pression of star formation due to limited resolution (see Sec-
quenching of star formation. Such low-mass halos are partigy, 5).

ularly vulnerable to these processes, such as cosmic reioniza-
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Fig. 8: Satellites quenching delay time as function of their stellar mass. Quenched satellites are represented by red lled circles, wh
star-forming satellites are indicated by blue arrows, marking a lower limit on their quenching delay times. Satellites that merge
when Myost> 5  10''M are also shown: red open circles denote those quenched before merging, and blue open triangles denc
those that were not (they still have either ongoing star formation or star-forming gas reservoirs at the time of merger). Observatior
estimates from Wetzel et al. (2015b), and Wheeler et al. (2014) are shown in grey squares and orange hexagons, respectively.
estimate of the quenching timescale for the SM@C 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 enclos
a single data point in each panel indicates the same satellite across ¢énendimodels and we compare its evolution in Section
3.4.2 and in Figures 9 and 10.

3.4. How do satellites quench? 10*5 K and density p > 10 %>cm 3. However, we must be

) o careful not to introduce CGM gas that the satellite encounters
Timescales shown in Figure 8 suggest, for all ®@SmMORUN gyring its infall as in ows. To address this, we will correct for the
models, the presence of an environmental quenching mecBa|iite's motion through the CGM in order to determine the gas
nism that quenches rapidly and ectively low-mass satellites streams that are actually falling towards the satellite with nega-
and quenches in a less eient way, with timescales around theikjye radial velocities, and not merely due to the subhalo's move-
crossing time, intermediate-mass satellites. For the more masgiéht. To ensure that our method reliably captures the in ow
satellites, this environmental quenching mechanism is not so gfass. we tested it on particle-based codes, usingttheild-in
fective leading to large quenching delay times. In this section, Waq. We compared our results using this method with those ob-
will analyze the contribution of several quenching mechanisi§ned by tracking particle IDs to identify which particles were
- often proposed in literature to explain quenching of satellitggtyally accreted, and we achieved good convergence. The com-

- for each model. First, we will examine in detail the quenchysarison between the two methods and more details about how
ing of the same individual satellite across all our models aige in ows are computed can be found in Appendix A.

present the methodology that will be used for determining the
contribution and interaction of derent quenching mechanisms.
Then, we will apply this metho_dOIC)gy to all satellites within each Ram pressure Stripping: In order to Compute the ram pres-
model and analyze the statistical results. sure felt by the gas and the restoring force exerted by the sub-
Before beginning the analysis, we will describe the approahhlo, we follow a similar apporach to that presented in Simpson

followed to compute the parameters that are going to be usetal. (2018). First, we use the classical formula of Gunn & Gott
characterize each quenching mechanism. (1972) to determine the ram pressure;P= CGMvgal, where

cam IS the density of the medium through which the satellite
: . galaxy is moving and & is the relative velocity of the satel-
3.4.1. Quenching mechanisms lite with respect to the surrounding gas. For calculating the ram

~ Strangulation: To assess whether there was a cupbcold Pressure, we adopt agmthe velocity of the satellite with respect

in ows upon entering the virial-shocked halo of the main galax{° the host. For caw we compute an average radial gas density
)ro le extending out to a radius of 4R for the host halo in each

we will compute the mass ratio of in ows penetrating the sat h in Section 2.4. A ioned ab his radi
lite galaxy, by determining the amount of cold gas accreted Egaps ot, as in Section 2.4. As we mentioned above, this radi-

the satellite galaxy at each snapshot. This step is straightforw@ g averaged estimate neglects local perturbations. However, it
for particle-based codes, as we have the IDs of the gas particl@Qustly captures the ect of radial infall that drives the main

s0 we can determine the number of particles accreted by comj§2nde in ram pressure, which can vary by orders of magnitude
ing the IDs at di erent snapshots. However, the determination §p'MPson et al. 2018).

in ows become more complex for grid-based codes, where we The restoring force per area on the satellite's gas can be ex-

cannot track individual particles. pressed as R = % gas Where ¢4 is the satellite’s gas

There)‘ore, we W|Il'calculate the CdObl.d gas accreteq by surface density,zis the direction of motion (and gas displace-
the satellite galaxy using gas cells. We will consider as in ows

all cells that ful ll all the following conditions: i) they reside Ment), is the gravitational potential, an- _ represents the
between @ R and 03 R°Y", ii) they move with a su ciently maximum of the derivative of along z (Roediger & Hensler
negative radial velocity to cross the shell betweeZIFQiL;b and 2005). For approximating the restoring force for the whole satel-
0:3 RSUP within 100 Myr, and iii) with lower temperature thanlite, we adopt a simple estimate fogh . and gs The gas
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surface density is estimated from the radius enclosing half th&.2. Case study

72 = _Maas i , ) ) . L .
gas mass 555)’ such that gas = 2 (22 (where Mysis the to In this section, we analyze a single satellite identi ed across all

tal mass in gas). We estimatg; \rlzm_ where Viay is the the models (see green squares in Figure 8). We choose to show
max max

. . . .only one case to present the methodology that we will use in the
maximum velocity of the spherically-averaged subhalo rotati y P 9y

curve, and fax is the radius where this peak occurs.
Therefore, we estimate that ram-pressure stripping ece

?Qllowing sections to study the impact of the drent quenching
mechanisms considered. In Section 3.4.3, we show the result of
applying this method to all satellites in the simulations.

tive when: By simply observing the dierences in the same satellite
5 _ V2o Mgas across the dierent models in the Figure 8, the variations in
CGMVgat > (3) stellar mass and quenching delay time are evident. Quenching

1=2
fmax 2 (fgas)?® 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

Finally, we can compute the ram pressure radigs, This : : : :
; . igher quenching delay times, specially for GEAR for which
radius de nes the boundary beyond which all the gas should Egr satgllite remgains s%lar-formingIO after)é Gyr of evolution.

stripped out due to ram pressure exceeding the restoring forg@ing between both behaviors is ART-I, which has a quench-

timescale of approximately 2 Gyr, close to the crossing time
MW-mass halos. To better illustrate this and to analyze the
quenching process in the direntCosmoRumodels, we plot
GMiot(r) gadr) the gas density for each model, in drent stages during the in-
- (4)  fall to the host, in Figure 9. Each row corresponds to aelient
evolutionary stage: top row is the rst snapshotrak Zﬂ}i‘?“
where is a geometric factor of order unity from integratior{a), second row is atfay, i.€., rstinfall to the host (b), third
along the projection (McCarthy et al. 2007). row during the rst apocentre (c), and the bottom row during the
second infall, slightly before the second pericentre (d). We high-

* Tidal stripping: We compute the tidal radiusqfg) of each light the time and position of these evolutionary stages on the

satellite using the same approach followed in Henriques tgp IptheI ?f Figure 10, ufs:gg the (ga), (b). (©) ‘;?d Eﬁ) I"."b.fflsl'
Thomas (2010), where they use the isothermal sphere app?g- n the top row (a) of Figure 9, we see the the iniial gas

For that, we use the same expression as in Zhu et al. (202
Speci cally, ram is identi ed as the radius at which these forceiz;Or
are balanced:

com(NVsalr)? =

imation for the mass distribution of the central halo and satelli nsity distribution for all models, prior to host interaction ef-

galaxy, and they assume that the satellite follows a circular orBff=tS: Di érent models using various implementations of bary-
onic physics exhibit signi cantly dierent gas density distribu-

tions and gas contents, such as between GEAR and AREPO-T,
sat with the former containing substantially more and denser gas
fida ﬁ_i hostrSat () than the latter. During their rst infall, shown in second row (b),
we see how the gas contained within the satellite begins to in-
where ggand pogiare the velocity dispersions for the satelteract with the host CGM. Interestingly, in AREPO-T we can
lite and the host halo, respectively, anglis the radial distance discern clear signs of ram pressure stripping as soon as the satel-
of the satellite to the host. While this approach does not talit® crosses the virial radius, with gas tails stripped in the di-
into account the disk potential, which may contribute to tidaection opposite to the satellite’s motion. In contrast, the initial
stripping (Green et al. 2021), it allows us to estimate up to whagas distribution appears apparently unchanged in the other mod-
radius the gas will resist being stripped by tidal forces. 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
- Harassment: To estimate the amount of energy producegley another detail we can observe in panel (b) for ENZO and
ina h|gh-velo<:|t_y satg:lhte-satelhte encounter, we will follow th%REPO is how, due to the out ows caused by SNe feedback, we
approach described in Marasco et al. (2016). The amount of Neg, jistinguish holes in the gas distribution. This highlights how
Es that an extended satellite of total mass §&ins during an gnje feedback also plays a signi cant role in the expulsion of
encounter with a point-like system of total.mas§ 64n be com- gas in these low-mass halos. The fact that this is only visible in
puted via the impulsive approximation as: these codes in this Figure is due to the choice of snapshot. In the
animation showing the full temporal evolution (see footnote 4),

M Iy DrgE these features formed in the other codes as well, although they
E. EGZMS Mpo (6) are less prominent in GADGET-3 and GEAR. This aligns with
3 % b* the ndings of Paper VI and may be due to a systematic behavior

. . . . ..of SPH codes or the derent implementations of SNe feedback
where v is the relative velocity between the two objects, b is theinese models.

impact rprerll‘rr?meter, ankt?i is the mass-weighted mean square At the rst apocenter, in the third row (c), we show the gas
radius -l% of the extended system (e.g., Binney & Tremaindensity remaining after the rst pericenter passage where the

(2008), p. 660). We will use this expression just as a proxy to dg-

tect when s_atellltes are undergoing a high-speed encounter. IJ1:a 's gas density and temperature during the infall is available at this
each satellite ga}laxy and each snapshot, we compute the m ~ The movie is synchronized across codes so that each frame corre-
mum E by considering all subhalos as possible encounters nds to the same orbital stage of the trajectory relative to the host and
substituting v and their actual distance for the impact paramgrns from when the satellites are a{'fRo their second apocenter
ter. Then, we compareskwith the value of the total (kineti¢  (or until the last available snapshot of the simulation if they have not
potential) internal energy of the satellitgE reached it yet).

movie showcasing the complete temporal evolution of the sub-
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Fig. 9: Gas density of the same subhalo across therdint 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 Fi¢prestGnapshot at a
distance to the host lower than W (b) at tntan, (c) during the rst apocentre, anfl) 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 th
current snapshot. An animation showcasing the complete temporal evolution of the subhalo's gas density and temperature dur
the infall is available at this link (see footnote 4) .

ram pressure and tidal stripping are supposed to be maximumwhich the satellite retains a signi cant amount of gas and re-
The satellite in AREPO-T has undergone a complete gas neains largely star-forming during its second infall, even after 5
moval after its rst pericenter. In the cases of ART-I, ENZO anyr of evolution.
GADGET-3, the satellite's gas has been stripped from its out- To analyze in detail the physical processes observed in the
skirts, retaining a dense region of gas at its center. In contrasigure 9 and discussed above, we represent the evolution of key
the satellite in GEAR retains its gas in a moreatent way, properties and parameters of the satellite during its history in
showing minimal stripping compared to the other models. It Figure 10. This plot gives the essential information required to
noteworthy that in this panel, the satellite in ART-I is underg@assess the contribution and signi cance of the quenching mech-
ing a high-speed encounter with another satellite, located witkiRisms under study. In the rst row, we compare the trajec-
its virial radius along the positive Y axis. We will study this eventory of the satellite across derent models. Orbits for ENZO,
in further detail later in this section. Furthermore, the decreaSADGET-3, GEAR and AREPO-T are quite similar with some
in size of the virial radius for all the models indicateseetive timing discrepancies: ENZO crosses the host virial radius at
tidal stripping of less bound dark matter particles from the outgr 1:3 while the other models cross it around z1:1. In con-
regions of the halo. trast, ART-I shows an infall redshift of z 0:9 and displays a

In bottom row (d), just before the second pericentre, we aless eccentric orbit than the other models. Due to the timing dis-
preciate how the satellite's gas in ENZO and GADGET-3 is closeepancies, presented in Paper 1V, andedénces in the nal
to be completely stripped, retaining only the innermost and desstapshots for each model, the satellite reaches two pericenters in
est regions of their ISM, similar to ndings in Samuel et alART-l and GADGET-3, three pericenters in ENZO and AREPO-
(2022). In ART-I, the satellite has undergone complete gas ie-and only one pericenter in GEAR. In the second and third
moval due to a highly eective combination of stripping and ha+ows, we plot the evolution of the ram pressure felt by the gas,
rassment. In AREPO-T, the satellite does not reaccrete gas ahg-restoring force per unit of area exerted by the gravity of the
more so it remains quenched, while GEAR is the only modelibhalo and the ratio between them. The fourth row shows how
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