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ABSTRACT

Observational measurements hint at a peak in the quenching time-scale of satellite galaxies in groups and clusters as a function
of their stellar masses at M, ~ 10°> My; less and more massive satellite galaxies quench faster. We investigate the origin of
these trends using the EAGLE simulation in which they are qualitatively reproduced for satellites with 10° < M, /Mg < 10"
around hosts of 10" < My./Mg < 10'*°. We select gas particles of simulated galaxies at the time that they become satellites
and track their evolution. Interpreting these data yields insights into the prevailing mechanism that leads to the depletion of
the interstellar medium (ISM) and the cessation of star formation. We find that for satellites across our entire range in stellar
mass the quenching time-scale is to leading order set by the depletion of the ISM by star formation and stellar & active galactic
nuclear (AGN) feedback in the absence of sustained accretion of fresh gas. The turnover in the quenching time-scale as a
function of stellar mass is a direct consequence of the maximum in the star formation efficiency (or equivalently the minimum
in the total-stellar plus AGN — feedback efficiency) at the same stellar mass. We can discern the direct stripping of the ISM by
ram pressure and/or tides in the simulations; these mechanisms modulate the quenching time-scale but do not drive its overall
scaling with satellite stellar mass. Our findings argue against a scenario in which the turnover in the quenching time-scale is a

consequence of the competing influences of gas stripping and ‘starvation’.
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1 INTRODUCTION

Satellite galaxies of massive groups and clusters are preferentially
quenched compared to similar galaxies in the field (e.g. Balogh
et al. 1999; Baldry et al. 2006; Peng et al. 2010; Wetzel, Tinker
& Conroy 2012; Bluck et al. 2020, amongst many others). Some
consensus has built up around a ‘delayed then rapid’ quenching
scenario for such satellites (Balogh, Navarro & Morris 2000; Von
der Linden et al. 2010; Weinmann et al. 2010; De Lucia et al.
2012; Wetzel et al. 2013; Hirschmann et al. 2014; Haines et al.
2015; Oman & Hudson 2016; Maier et al. 2019; Rhee et al. 2020;
Oman et al. 2021; Reeves, Hudson & Oman 2023; Wang et al.
2023), although it is often difficult to discriminate between a fast
transition in star formation rate and a slower transition that sees
galaxies within a population cross a given threshold with small
scatter (Oman et al. 2021). This complicates the interpretation of the
‘delayed then rapid’ scenario because a fast transition is tempting to
qualitatively associate with a process strongly stripping the ISM near
pericentric passage, while a slower transition that is coherent across
a population evokes starvation-driven quenching. This ambiguity
is difficult to resolve observationally (Cortese, Catinella & Smith
2021). Statistical population-based studies generally find that models
of both kinds provide acceptable descriptions of the data (but see
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Maier et al. 2019; Reeves et al. 2023), while detailed studies of
individual heavily stripped objects are difficult to generalize to the
broader satellite galaxy population.

A promising hint from statistical analyses of galaxy populations,
and the central focus of this work, is the dependence of the quenching
time-scale on satellite stellar mass. ‘Quenching time-scale’ has been
variously defined in many studies. In this work, we define it as the
time interval between when a galaxy becomes a satellite of its current
(z = 0) host galaxy and when it ceases active star formation. The
more specific definitions of these events also vary from study to study.
We set these differences aside for the purpose of this introduction to
focus on a qualitative feature (but see Oman et al. 2021, Section 6.2
for a careful comparison accounting for differences in definition).
Fig. 1 shows a compilation of measurements (grey scale markers
and regions; Wetzel et al. 2013; Wheeler et al. 2014; Fillingham
et al. 2015; Wetzel, Tollerud & Weisz 2015; Guo et al. 2017; Oman
et al. 2021, see also Romero-Gomez et al. 2024 for a complementary
measurement of what is probably the same underlying trend) of the
quenching time-scale Tquench as a function of satellite stellar mass,
spanning a wide range in host system mass.

The feature that we highlight in Fig. 1 is that the quenching
time-scale has a positive slope as a function of stellar mass at
M, < 10°3 Mg, that turns over to a negative slope at higher stellar
masses (see also Fillingham et al. 2015, fig. 6, and Guo et al. 2017,
fig. 5). This compilation focuses on studies of the local Universe
(z ~0), but similar qualitative trends may hold out to at least
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Figure 1. Quenching time-scale measurements as a function of satellite stellar mass. Symbols and shaded/hatched bands in grey and black show observational
results from Wetzel et al. (2013, 2015), Wheeler et al. (2014), Fillingham et al. (2015), Guo et al. (2017), and Oman et al. (2021), as indicated in the legend.
Shaded bands and error bars represent the measurement uncertainties as reported by the cited work. We stress that the definitions and methodologies involved
in the various studies are heterogenous. In particular, the time-scale is measured for satellites around a variety of types of host systems, as noted in the legend.
No effort has been made to correct for systematic differences between different data sources. We highlight the qualitative trend that there seems to be a positive
trend at low stellar mass that turns over into a negative trend at high stellar mass. The heavy crosses (red) mark the median quenching time-scale in the intervals
of stellar mass shown by the horizontal bars with the interquartile scatter shown by the vertical bars (the uncertainty in the median is too small to show on the
figure) for our sample of satellite galaxies drawn from the EAGLE simulations that reproduce the same qualitative trend.

z~1 (Guo et al. 2017). This could signal a transition between
two dominant physical processes setting the quenching time-scale.
Indeed, it has been used to argue that quenching in low-mass satellites
is regulated by ram-pressure or other stripping processes while in
massive satellites starvation is dominant (Fillingham et al. 2015,
2016; Guo et al. 2017; Wright et al. 2019; Bluck et al. 2020).
However, the location of the transition is also the stellar mass scale
where the stellar-to-halo mass ratio peaks (e.g. Moster, Naab & White
2013), thought to be related to a transition between the dominance
of stellar and active galactic nuclear (AGN) feedback processes (e.g.
Mitchell & Schaye 2022b, hereafter MS22, and references therein).
Feedback is thought to play an important role in the quenching of
central (i.e. non-satellite) galaxies (Croton et al. 2006; De Lucia
et al. 2006; Hopkins et al. 2008), so the idea that it could be equally
important in satellites is well-motivated (McGee, Bower & Balogh
2014).

The review of Cortese et al. (2021) singles out the fate of gas in
the central regions of satellite galaxy discs (that least susceptible to
direct stripping) after the first pericentric passage through the host
system as one of the most important unknowns in our understanding
of environmental quenching. They propose that one possible, perhaps
even likely, fate of this gas is to be expelled or heated by feedback.
There is some observational evidence both for (McGee et al. 2014;
Boselli et al. 2018) and against (Van den Bosch et al. 2008; Brown
et al. 2017; Davies et al. 2019) feedback-driven quenching in
individual satellite galaxies.

In this work, we take the approach of turning to cosmologi-
cal hydrodynamical simulations to inform our interpretation. The
simulations that we use lend strong support to feedback-driven
quenching of satellite galaxies at the population level. While direct
stripping of the ISM clearly plays a role in the quenching process
and may for occasional satellites be the driving mechanism in
terms of setting the quenching time-scale, we will show that it
is primarily the loss of gas through feedback from star formation

and/or AGN activity that regulates the satellite quenching time-scale
(given that they are prevented from accreting fresh gas by their local
environment). Our analysis is largely detached from observational
constraints which only enter indirectly through their influence on
the calibration of the simulations. This naturally means that our
conclusions are only as reliable as the simulations that they are based
on, but we will argue below that accounting for some of the short-
coming of the simulations that we use would likely strengthen our
conclusions.

This article is organized as follows. In Section 2, we introduce
the simulations that we use for our analysis, our methods for
tracking the gas particles belonging to satellite (and central) galaxies,
and an analytic model that we use to guide our interpretation. In
Section 3, we show that quenching of satellites in the simulations is
predominantly regulated by feedback, but also explore the secondary
role played by gas stripping processes. We discuss caveats in Section
4 and summarize in Section 5.

2 METHODS

The EAGLE.! simulations (Schaye et al. 2015) are a suite of
cosmological hydrodynamical simulations of galaxy formation and
evolution. The simulations adopt the pressure—entropy formulation of
smoothed-particle hydrodynamics (Hopkins 2013) with a modified
time-stepping criterion (Durier & Dalla Vecchia 2012) and artificial
viscosity (Cullen & Dehnen 2010) and conduction (Price 2008).
The model includes subgrid recipes for radiative cooling (Wiersma,
Schaye & Smith 2009a), star formation (Schaye 2004; Schaye &
Dalla Vecchia 2008), stellar evolution and chemical enrichment
(Wiersma et al. 2009b), black hole growth (Springel 2005; Rosas-
Guevara et al. 2015), feedback from supernovae (Dalla Vecchia &
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Figure 2. Orbital and star formation histories of three satellite galaxies from our sample. Left panel: radial separation between the host and satellite (blue solid
line) and 3.3r20p of the host, the radius defining ‘infall’ in our work (green dotted line), as a function of time. Right panel: specfic star formation rate (SSFR) as
a function of time. The inset panel shows the same curve as in the lower panel but with linear scaling on both axes. The infall time finf,y is defined as the first
inward crossing of 3.3r200c, and the quenching time Zquench as the last time when SSFR > 10~ yr’l. The satellite shown in the top panels is star forming at
Z =0, 50 fquench is not defined. We linearly interpolate the star formation histories between simulation snapshots; the inset (linear-scaled axes) in the last panel
illustrates this for a satellite that sees its SSFR drop from > 10~ yr~! to zero in the space of one simulation output. For quiescent galaxies at z = 0, we define

the quenching time-scale Tquench as the difference between fquench and finan.

Schaye 2012) and active galactic nuclei (Booth & Schaye 2009),
and reionization (Haardt & Madau 2001; Wiersma et al. 2009b).
We use the flagship Ref-L100N1504 (see Schaye et al. 2015,
for specifications) simulation of a (100cMpc)® volume? with gas
particles of initial mass 1.8 x 10°Mg,. This simulation adopts the
fiducial cosmological parameters of Planck Collaboration et al.
(2014).

Haloes are identified using the ‘friends-of-friends’ algorithm with
a linking length equal to 0.2 times the mean inter-particle spacing
(Davis et al. 1985). Gravitationally bound sub-structures (‘sub-
haloes’) are subsequently identified using the SUBFIND algorithm
(Springel et al. 2001; Dolag et al. 2009). Subhaloes are connected
through time to their progenitors and descendents in a merger tree
constructed with the D-TREES algorithm (Jiang et al. 2014; Qu et al.
2017). We make use of the EAGLE SQL data base (McAlpine et al.
2016) to query the (sub)halo catalogues and merger trees.

2.1 Satellites and quenching time-scales

We construct our sample of rich galaxy groups and galaxy clusters
by selecting haloes in the last (z = 0) snapshot of the simulation
with virial’> masses Mgy > 10'* M. This yields a sample of 167
host systems, the most massive of which has Mag. = 10'*6 My
We then select lower-mass galaxies that are within 3.3r,g0. of these
host systems and label them ‘satellites’. 3.3r5p0., equivalent to =~

2We use cMpc to denote comoving megaparsecs.

3We adopt the convention that the overdensity defining the virial mass and
radius is 200 times the critical density for closure, peit = 3H§ /8w G. We also
refer to work adopting other definitions, including 360 times the mean matter
density, pm = Q2mpocrit- We distinguish these with subscripts 200c and 360m,
respectively.
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2.5r3600 at z = 0, is about the maximum distance that any satellite
galaxies reach at the apocentre of their first orbital passage (Mamon
et al. 2004). Our initial selection includes 4208 satellites with 9 <
log,o(M,/Mp) < 11.

We next extract the branches corresponding to the main progeni-
tors (see Quetal. 2017, section 2.2.2, for a definition) of each host and
satellite from the merger trees and use their relative positions to track
the orbit of the satellite around the host through time. We label the first
(and usually unique) time, linearly interpolated between snapshots,
when the satellite approaches within 3.3r;9o. of its z = 0 host system
as the ‘infall time’, fisey, Of the satellite. Orbits of three example
satellites drawn from our sample are shown in Fig. 2 (left panels).
We also track the star formation histories of the satellites along their
main progenitor branches —examples for the same galaxies are shown
in the right panels of Fig. 2. We define the ‘quenching time’, fguench,
of satellites as the last time (linearly interpolated between snapshots)
when their specific star formation rate is SSFR > 10~!! yr~!. This
threshold is chosen for simplicity and ease of interpretation — we
have checked that accounting for a mass- and/or redshift-dependent
threshold does not qualitatively impact our conclusions (see Section
4.1). For galaxies that are quiescent at z = 0, we define a ‘quenching
time-scale‘ Tquench = Zquench — finfail- FOT satellites that are star forming
at z = 0 (such as the example shown in the upper panels of Fig. 2),
the quenching time and quenching time-scale are not defined. We
remove satellites with Tguenen < 0, from our sample. The remaining
satellite galaxies are those where the environmental influence of the
final (z = 0) host could have had some influence in quenching them,
if they are quenched by z = 0.

We further restrict our sample to satellites with lookback times to
infall between 6 and 9 Gyr. This provides a reasonably large sample
in terms of numbers while being a narrow enough interval in time
that the satellites are approximately coeval and can reasonably be
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shifted in time to align their infall times and ‘stacked’ to follow
their average properties. Selecting galaxies that fell in at least 6 Gyr
ago also means that we can track the satellites for (at least) 6 Gyr
after infall without any satellites dropping out of the sample. Finally,
we remove a small number of peculiar galaxies from our sample
including any with more than 5 times the mean gas fraction at infall
time of galaxies in the sample, any stripped of more than 90 per cent
of their stellar mass between infall and z = 0, and any that have a
gas mass of more than 3 times their gas mass at infall at a later time
(usually these are major mergers). Our final sample includes about
1500 satellites, of which about 1100 are quenched at z = 0.

This selection of satellites is biased in various ways with respect
to the general population of satellites, but has the advantage that the
average evolution of satellites in the sample is easy to define and
to interpret. We defer discussion of the implications of our biased
selection to Section 4.

We also construct a control sample of non-satellite galaxies. For
each satellite in the sample, we randomly select one non-satellite
with a stellar mass at the satellite’s infall time within 5 per cent of
that of the satellite. Non-satellites are restricted to have a subgroup
identifier of > 0 (i.e. times when they are not the most massive
subhalo within their friends-of-friends group) during no more than
one snapshot after the infall time of the satellite that they are matched
to.

2.2 Particle tracking

The merger trees tabulate halo and subhalo identifiers for each
subhalo at each snapshot time. Together these provide a unique
identifier for each subhalo, and the same identifiers are attached as
labels to particles in the simulation snapshots. We use these identifiers
to extract the list of gas particles identified as bound to each satellite
in our sample at its infall time. We do likewise for galaxies in our
control sample of non-satellites. Each gas particle in addition has a
unique particle identifier that we use to track the extracted particles
at each later snapshot. The identifier is preserved even if the gas
particle is transformed into a star particle in a star formation event.
In the very rare instances where a gas particle is consumed by a
supermassive black hole particle, it simply drops out of our list of
tracked particles. We track the histories of about 30 million particles
in total.

For each snapshot in the simulation, we record the status of the
tracked particles including whether they are still gas particles or
have become stars, their coordinates, velocities, halo and subhalo
identifiers, temperatures, and star formation rates. The last two
properties are undefined for particles at times that they are stars.
In our analysis below, we distinguish three particle categories: star-
forming gas (‘SF gas’) for particles with non-zero star formation
rates, non-star-forming gas (‘nSF gas’) and ‘stars’. In the EAGLE
model, gas particles are assigned a non-zero star formation rate when
they exceed a metallicity-dependent density threshold (see Schaye
et al. 2015, section. 4.3, for details) such that particles with non-
zero star formation rates are those with densities and temperatures
consistent with being the gas that represents the interstellar medium
in the model. We also distinguish between ‘bound’ and ‘unbound’
particles. Bound particles share the halo and subhalo identifier of
the descendent of the satellite that they fell in with and are therefore
still gravitationally bound to it. Unbound particles have presumably
been stripped, ejected by feedback processes, or otherwise lost.
Unfortunately accurately labelling particles with the reason that they
have been stripped (ram-pressure, tides, viscosity, etc.), or as ejected
by feedback, remains remains extremely challenging. For example,
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most particles ‘ejected by feedback’ in the EAGLE model are not
directly heated by feedback events (these are easily labelled) but
entrained in the resulting wind (these are very difficult to reliably
label; see Mitchell et al. 2020a for a discussion).

In addition to the particles selected as being bound to satellites at
their infall times, we also separately record any gas particles not in
this set that become bound to satellites in our sample after their infall
times. Our analysis below focuses on the fate of the gas that was
bound at infall, but tracking this additional gas offers the opportunity
to assess how much gas accretion occurs after infall.

2.3 Analytic galaxy evolution model

To help guide our interpretation of the tracked gas particles selected
from satellite galaxies (Section 2.2), we use an analytic galaxy
evolution model. We describe it briefly here, with further details
included in Appendix A. Our model is a modified version of that
defined in MS22, equations (1) and (2). Their model is calibrated
to provide an accurate (but much simplified) description of galaxy
evolution in the EAGLE simulations and is therefore ideally suited
to our purposes. Our model begins with gas in two ‘reservoirs’,
corresponding to the star-forming and non-star-forming gas bound
to a satellite at its infall time in our particle tracking scheme. We
identify these two reservoirs with the ISM and CGM, respectively,
in the nomenclature of MS22. There are two additional mass
reservoirs, initially empty, corresponding to gas ejected from the
galaxy (notionally beyond the virial radius), and stars. The model
describes mass exchanges between the four reservoirs through a set
of coupled linear differential equations with coefficients describing
the ‘efficiencies’ of relevant physical processes such as gas cooling,
star formation and energetic stellar feedback.

Two key features of our model are that (i) it is formulated so
that we can track the evolution of gas that was initially in the ISM
(i.e. initially star-forming gas) and gas that was initially in the CGM
(initially non-star-forming gas) separately, and (ii) we can track the
time evolution of gas labelled as bound to a galaxy at a chosen time
independent of any freshly accreted gas. We check that the model
captures the main features of the evolution of gas in our control
sample of central galaxies (see Section 2.1), then modify the model
to apply to satellites with a single change: re-accretion of ejected gas
is switched off. We will interpret the output of the model for satellites
of different masses below, in Section 3.2.

When using our analytic model to make predictions, we assume
an initial time of 6.5 Gyr (after the Big Bang) — the median infall
time of our sample of galaxies whose particles we track (Section
2.2). We make time integration steps using the forward Euler method
with a time step of 10 Myr to evolve the model for 6 Gyr (the same
amount of time for which we track particles) and have verified that
the absolute numerical error in the solution for the mass in the various
reservoirs relative to the total mass in the model is always less than
1 per cent (usually much less).

3 RESULTS

We present our main results pertaining to the quenching time-scales
of satellite galaxies in the EAGLE simulations (Section 3.1) and their
detailed interpretation through tracking simulation particles (Section
3.2), analytic modelling (Section 3.3), and the dependence of the
quenching time-scale on satellite properties (Section 3.4). We also
include some additional insights gleaned from our particle tracking
method into the fate of stripped stars and gas (Section 3.5).

MNRAS 540, 1730-1744 (2025)

G20z aunf 90 uo 1sanb Aq $,Z62€ | 8/0€ . 1/Z/0¥S/PI0IME/SEIU/ WO dNo"dlwapede//:sdny Wolj papeojumoq



1734  A. L. Visser-Zadvornyi et al.

3.1 Quenching time-scales

In Section 1, we introduced the dependence of quenching time-scale
on the stellar mass of satellite galaxies. We begin by measuring the
quenching time-scale as a function of satellite stellar mass for our
sample of EAGLE satellites in groups and clusters — the resulting
trend is shown with the red cross symbols in Fig. 1. There is
significant scatter (more than 1 Gyr) in the quenching time at any
fixed satellite stellar mass, but the ‘turnover’ in the trend emerges
clearly* — satellites with M, ~ 10'© Mg, have the longest quenching
time-scales.

The ‘turnover’ from increasing quenching time-scale with increas-
ing stellar mass for low stellar mass satellite galaxies to decreasing
quenching time-scale with increasing stellar mass for more massive
satellites could hint at a transition between two dominant mecha-
nisms that regulate star formation in satellites (as discussed in Section
1, but we will see below that this is not the best interpretation of the
physics at play in EAGLE. Throughout the rest of this work, we will
build up a picture where the environmental contribution to quenching
EAGLE satellite galaxies is driven primarily by ‘starvation’ in
the absence of fresh gas accretion compounded by losses through
supernova and AGN feedback. In lower stellar mass satellites, gas
stripping also plays a secondary role (mainly ram pressure stripping,
with some contribution from tides), but this only modulates the trends
set by feedback.

The quenching time-scale is inherently difficult to calibrate ab-
solutely since neither infall nor the cessation of star formation are
associated with unambiguous, discrete events. Indeed, the obser-
vationally based inferences shown with greyscale markers/patches
in Fig. 1 define both infall and quenching in various ways, which
is the leading origin of discrepancies between different studies
(see e.g. Oman et al. 2021, section 6.2). Furthermore, the EAGLE
simulations do not model the relevant physics with perfect fidelity
(further discussed in Section 4.1). As an example, ‘cold’ gas discs
in EAGLE are too geometrically thick and kinematically hot due
to approximations used in the modelling of the ISM. This makes
the ISM of EAGLE satellite galaxies artificially more susceptible to
ram pressure stripping, for instance. Because of these challenges,
we focus our analysis on relative trends and on the physical
origin of the ‘turnover’ from a positive slope to a negative slope
in the scaling of quenching time-scale with stellar mass in the
simulations.

3.2 Mass evolution of satellites

We begin by visualizing the fate of the gas that was bound to EAGLE
satellite galaxies at their infall time. Fig. 3 shows this for each of our
6 stellar mass bins, spaced such that the galaxy count in each bin
is equal. The upper panel in each group shows the evolution of the
entire tracked gas mass, averaged over all galaxies in that stellar
mass bin. Initially (fi,gy, the infall time) all gas is gravitationally
bound (darker colour shades) and either star forming (dark blue) or
non-star-forming (dark orange). Over time the star-forming gas is
converted to gravitationally bound stars (dark green). The bulk of
the gas eventually ends up gravitationally unbound (lighter colour
shades), predominantly non-star-forming (light orange) with trace
amounts of unbound star-forming gas (light blue). The origin of

4The vertical error bars show the interquartile scatter in the distribution. The
uncertainty in the median is too small to visualize on the figure: the existence
of a ‘peak’ in the quenching time-scale near 10'° Mg, for EAGLE satellite
galaxies is not uncertain.
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the unbound non-star-forming gas is for the moment ambiguous
— it could in principle be either stripped or ejected — but we will
discriminate between these cases below. The unbound star-forming
gas is suggestive of direct stripping of the ISM, although from this
figure alone we cannot exclude star-forming gas being entrained in
outflows, or gas that is lost from the satellite and later becomes
star forming in a different galaxy. There is also a small amount of
unbound stars; some of these must be formed from the unbound
star-forming gas, but some could also be formed in the satellite and
subsequently stripped.

The next two panels in each set separate the gas into that which
was non-star-forming at infall time (second panel) and star forming
at infall time (third panel). These reveal additional detail of the
physics at play. For example, the initially non-star-forming gas can
be seen to cool and become star forming (a wedge of dark blue
— star-forming gas — appears in the second panel, followed by a
wedge of dark green — stars). The rapid depletion of the bound
star-forming gas in the third panel resulting in stars and unbound
non-star-forming gas is suggestive of star formation feedback-driven
outflows: the eventual ratio of stars and unbound non-star-forming
gas can be loosely interpreted as a stellar wind mass-loading factor
(about n = 2 in the lowest stellar mass bin, decreasing to aboutn = 1
in the highest stellar mass bin).

Overlaid on these three panels are dotted white curves delineating
the boundaries between the same particle classifications for central
galaxies in our control sample. These central galaxies have more gas
on average than satellites at their infall time, so we have normalized
the curves to match the total gas mass in each panel. The trends
are broadly very similar — this is remarkable, as we will discuss
further below — but we begin by highlighting a few differences.
First, the fraction of star-forming gas with respect to total gas mass
in satellite galaxies is slightly higher at fi,gy than in the control-
matched central galaxies (this is actually because they have less
non-star-forming gas, rather than more star-forming gas). Central
galaxies also retain significantly more bound non-star-forming gas
over time than their satellite counterparts. It is tempting to attribute
this to stripping of the circumgalactic gas in satellites, but we will see
below that this is probably not the dominant driver of this difference.
Central galaxies also have no unbound star-forming gas or unbound
stars, suggesting that the unbound star-forming gas in the satellites
is probably not entrained in winds, but rather reflects direct stripping
of the ISM. Finally, the highest stellar mass satellites and central
galaxies see their initially bound star-forming gas depleted on a
remarkably similar time-scale (lower right set of panels, third panel,
dark blue wedge), while for lower mass satellites this gas is depleted
slightly faster and consequently forms less stars as a fraction of the
initial star-forming gas mass. We visualize this trend in Fig. 4 and
will interpret it further below.

The reason that the overall similarity between the fate of gas
in central and satellite galaxies is remarkable is revealed by the
fourth panel in each set in Fig. 3. The black curves show the
gravitationally bound gas mass in the satellite galaxies at each
time including either all gas particles (including any that were not
bound at #,p; solid curve), or considering only the gas particles
that were bound at #;,¢,; (dashed curve). This shows that satellites in
our sample accrete a relatively small amount of additional gas after
infall, while their overall bound gas mass (solid curve) is dropping
precipitously. In the matched sample of central galaxies, on the
other hand, the initially bound gas is rapidly becoming unbound
(dashed grey curve), but the overall gas supply is being continuously
replenished (solid grey curve) such that in the lowest stellar mass
bin the total gas mass is approximately constant while in the highest
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Figure 3. Fate of the gas bound to EAGLE satellite galaxies at their infall times. Each group of 5 panels is similar and corresponds to one of our stellar mass
bins, as labelled. In the upper panel of each group, we show the average composition as a function of time of the gas that was bound at the infall time of satellites
in that bin. Initially, all of the gas is gravitationally bound to the satellite and is either star forming (second wedge from bottom; dark blue) or non-star-forming
(third wedge from bottom; dark red). Over time gas may form stars that may be bound (bottom-most wedge; dark green) or not (third wedge from top; light
green) to the satellite. Unbound (stripped or ejected) gas can be star forming (second wedge from top; light blue) or non-star-forming (top-most wedge; light
red). The second and third panels in each group are similar but decompose the gas into that which was initially non-star-forming or star forming, respectively.
The dotted white lines overlaying these panels show the delineation between the same components of gas selected at the same time for our mass-matched
sample of central galaxies (normalized to have the same total mass). The fourth panel in each group shows the total bound gas mass as a function of time
(solid lines) compared to the bound gas mass of tracked particles (dashed line) — the black lines are for satellites in our sample, while grey lines are for the
mass-matched central galaxies (normalized to the same initial gas mass). The fifth panel in each group shows the distribution of quenching time-scales (or
equivalently quenching times since Tquench = Zquench — finfail = 0 is the infall time) of satellites, dN (tquench)/ N dz. The vertical dotted lines mark the quenching
time-scales calculated from the SFRs of the stacked average of galaxies in each stellar mass bin.

stellar mass bin it grows significantly over the 6 Gyr that we track the (plus the mass that leaves the gas supply by being converted to stars or
galaxies. accreted by a black hole); presumably central galaxies are not being

The rapid decay of the tracked bound gas mass in the central strongly stripped. Interestingly, this proceeds at a very similar rate to
galaxies is suggestive of strong winds from stellar or AGN feedback the bound gas mass loss in satellite galaxies, providing a first strong

MNRAS 540, 1730-1744 (2025)
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Figure 4. Fraction of the star-forming gas mass at infall converted to stars
by z = 0, &,, for satellites in our sample normalized by the average in stellar
mass bins of the same quantity for tracked particles in our mass-matched
sample of central galaxies, (") (dark red crosses). The vertical length of
the markers shows the interquartile scatter within the stellar mass bin shown
by the horizontal length. The same measurement is shown for the matched
sample of central galaxies (light blue crosses) to illustrate the scatter in that
population — since the central galaxies are normalized using their own mean
£,/ (sceMmaly — | by definition in this case.

hint that feedback is the main driver of gas loss in the satellites, too.
We were surprised at finding such close similarities in the fates of the
gas particles that we tracked in central and satellite galaxies: in central
galaxies, the large amount of additional accreted gas is also cooling,
becoming star forming, feeding an AGN, and therefore triggering
energetic feedback. It turns out that separating the galaxies into two
components — the bound gas at f,s, and everything else — and
considering the evolution of both components ‘in isolation” works
surprisingly well. In mathematical terms, describing the galaxies by
a set of coupled linear ordinary differential equations and using the
separable property of such equations to focus on a subset of the
galaxies is a perhaps surprisingly good approximation® that we will
explore further below with the help of the model outlined in Section
2.3.

The last panel in each set in Fig. 3 shows the distribution of
quenching time-scales for galaxies in that stellar mass bin — these
are the same distributions represented by the red markers in Fig. 1.
The vertical dotted lines in these panels show the quenching time-
scale inferred from the stellar mass growth curves in the top panels
of each group. The time derivate of these curves corresponds to
the star formation rate of the average galaxy in each stellar mass
bin, from which we calculate a specific star formation rate and
quenching time-scale. These quenching time-scales differ somewhat
from those shown in Fig. 1: the former are the median quenching
times of satellites that have quenched by z = 0, while the latter are
the quenching time-scale of the average satellite galaxy, where the
average is over all satellites regardless of whether they have quenched
by z = 0 or not. They do, however, maintain the qualitative feature
of a maximum in the quenching time-scale — now at M, ~ 10°7 Mg
(cf. ~ 10'%0 in Fig. 1). We therefore postulate that understanding

3We had initially hoped that the approximation would be quantitatively good
enough to carry out a differential comparison of the tracked bound gas in
central and satellite galaxies to isolate the role of stripping. Unfortunately
feedback affects all gas in a galaxy indiscriminately, whether we are tracking
the particles or not, which precluded this approach. The approximation still
holds qualitatively, and we use this extensively in our interpretation in this
work.

MNRAS 540, 1730-1744 (2025)

the evolution of the average (or ‘stacked’) satellite galaxy is enough
to understand the overall evolutionary trends in the population that
drive the scaling of the quenching time-scale as a function of stellar
mass.

3.3 Interpretation through analytic modelling

The analytic galaxy formation model outlined in Section 2.3 guides
our interpretation of the trends highlighted in Section 3.2. As a
first step, we demonstrate that the model qualitatively captures the
trends shown in Fig. 3 for satellites and central galaxies. For each of
our six stellar mass bins, we initialize a model satellite galaxy that
initially has the median stellar mass (M,), mean star-forming gas
mass (Mjsy ), mean non-star-forming gas mass (Mcgy ), and median
total mass (M) of satellites in that bin®. The initial masses are
shown in the upper panel of Fig. 5 with the six sets of markers.
We also initialize model central galaxies according to the properties
of central galaxies in our control sample. Integrating these model
galaxies forward in time through 6 Gyr of evolution reproduces many
of the broad trends seen in Fig. 3 including that central galaxies retain
more non-star-forming gas for longer than their satellite counterparts.
The comparison is discussed further in Appendix A.

The model also qualitatively reproduces the scaling of the quench-
ing time-scale with stellar mass. The quenching time-scale measured
from the star formation rate calculated from stars formed from
initially bound gas of the average satellite galaxy in each stellar mass
bin (i.e. the slope of the boundary of the dark green regions in Fig. 3 —
we convert this to a specific star formation rate and interpolate to find
the first time when SSFR < 10~!'' yr™!) is plotted with the square
markers in the middle panel of Fig. 5. This differs slightly from the
quenching time-scales plotted in Fig. 1 which we recall showed the
median quenching time-scales of satellites quenched by z = 0. The
quenching time-scales in Fig. 5 provide a more fair comparison to
the output of the model. There is still a maximum in the quenching
time-scale around Mg, = 5 x 10° M. The quenching time-scales
calculated in the same way from the model galaxies are plotted with
the heavy solid lines in the middle panel of Fig. 5. The model captures
the quenching time-scales within a couple of hundred megayears and
also predicts a maximum in the quenching time-scale, although at a
somewhat lower stellar mass (~ 2 x 10° Mg).

This maximum in the quenching time-scale in the model may at
first glance appear uncertain — since it occurs in the second-to-lowest
stellar mass bin and the slope is rather shallow, does the trend actually
turn over? Or is it just due to random ‘noise’, perhaps in the initial
model galaxy properties or model coefficients?

We next make a set of ‘self-similar’ model initial conditions (ICs)
that will confirm that the model unambiguously predicts a maximum
in the quenching time-scale, and at the same time unambiguously
identify its origin. These initial conditions are self-similar in the sense
that the initial ratios in the different mass reservoirs are fixed att = 0,
for all stellar masses, to to M, /M. = 0.02, Mispm/ M, = 0.4 and
Mcom/ M, = 2. Fixing these ratios removes any possible influence
of the differential properties of the initial model galaxies such as
variations in stellar-to-halo mass ratio or gas fractions. These fixed
ratios are plotted with (parallel) solid lines in the upper panel of
Fig. 5 and are loosely representative of the average galaxies in each

5We use the mean for the gas masses because these are directly analogous to
the gas masses for the averaged satellites shown in Fig. 3. The (initial) stellar
and halo masses are instead indicative of what is typical in a given bin, so for
these we prefer the median value.
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Figure S. Summary of the results of our analytic model (definition in Section
2.3). Upper panel: Initial mass in the model galaxies including stellar and
halo mass at infall (M, and Mpoc, respectively) and star-forming (Mjsm) and
non-star-forming (Mcgm) gas masses at the same time. The markers show the
initialization values for the ‘fiducial’ models representative of the EAGLE
galaxies in our six stellar mass bins. The solid lines show the scaling of
the masses for our simplified set-up with constant stellar-to-halo mass ratios
and gas-to-stellar mass fractions [ ‘self-similar initial conditions (ICs)’; see
Section 3.3 for details]. Middle panel: Quenching time-scale as a function of
stellar mass at infall for our ‘fiducial’ (heavy lines) and self-similar ICs (thin
lines) models with our simple stripping prescription switched off (solid lines)
or on (dashed lines). A comparable measurement of the quenching time-scale
derived from our tracking of gas particles in EAGLE satellite galaxies is
shown with the square markers. Lower panel: Fraction of the star-forming
gas mass at infall converted to stars by z = 0 normalized by the corresponding
values for central galaxies; the square markers repeat the values shown with
red crosses in Fig. 4. The solid and dashed lines are as in the middle panel.
The inset panel shows the value of our vy, parameter that provides a simple
description of gas stripping in satellites as a function of stellar mass — this
stripping effect is needed to qualitatively reproduce the trend in e, / (€73},

stellar mass bin, as can be seen by comparing the lines to the markers
in the figure.

Integrating these model galaxies forward in time and measuring
their quenching time-scales produces the trend shown with a thin
solid line in the middle panel of Fig. 5: there is a very clear maximum
in the quenching time-scale at M, = 10'® Mg,. This maximum can
have only one possible origin. Because all of these model galaxies
are self-similar in terms of their initial masses and the model
equations (equation Al) have no absolute mass scale, the only

Quenching of EAGLE satellites 1737

possible origin of the peak in the quenching time-scale is through
the mass-dependence of the model coefficients. Consulting fig. 3
in MS22, the parameter describing ‘halo-scale outflows’ (n"°)
conspicuously has a minimum at Mg, ~ 10'"7 at all redshifts,
corresponding to M, = 10'%° given our assumed M, / M5q. = 0.02.
The halo mass dependence halo-scale gas outflow rates is therefore
the main driver of the behaviour of the quenching time-scale as a
function of stellar mass.

The n# (galaxy-scale outflows) and to a lesser extent G&!
(efficiency for galaxy-scale accretion), G;g;l (efficiency for galaxy-
scale return of previously expelled gas) and Ggp (star formation
efficiency) parameters also have weaker halo-mass dependent fea-
tures (local extrema or changes in slope) around the same halo mass
and therefore also have lesser individual influences. Importantly,
the MS22 model parameters are calibrated against the evolution of
only central galaxies from EAGLE. Therefore there is no risk that
a parameter labelled ‘galaxy-scale outflow’ (), for instance, is
actually adopting values to capture the influence of ram-pressure
stripping (for instance) through the calibration process.

The less pronounced maximum in the quenching time-scale in
our six fiducial models relative to the ‘self-similar ICs’ setup (i.e.
comparing the heavy and thin solid lines in the middle panel of
Fig. 5) is just a consequence of the variation of gas fractions and
halo mass as a function of stellar mass. These ratios are not constants
as a function of stellar mass in realistic galaxy populations, so their
stellar mass dependence also modulates the trend for the quenching
time-scale as a function of stellar mass.

In summary, the driver of satellite quenching in our analytic model
are much the same feedback-driven winds that occur in central
galaxies. The only important assumption that we have made in
adapting the model for satellite galaxies is that the accretion rate
of fresh gas in satellites is zero, and the fourth panel in each set
in Fig. 3 confirms that this assumption is correct — at least close
enough for the purpose of our qualitative argument. The maximum
in the quenching time-scale is therefore a reflection of the peak in
galaxy formation efficiency at halo masses around 10'2 Mgy, with
the efficiency of stellar feedback increasing towards lower masses
and AGN feedback increasing towards higher masses — this is the
physics in the EAGLE simulations that the scaling of the 7% and
n"° MS22 model parameters capture (see their section 2.4 for further
discussion).

We next consider whether our model allows us to comment
on whether satellite-specific processes besides the truncation of
accretion, such as ram-pressure or tidal stripping, still have some
significant role to play in regulating the quenching time-scale of
satellites. The clearest feature of satellite galaxy evolution that we
have identified that our model fails to even qualitatively reproduce
is the integrated efficiency of conversion of ISM gas (that present at
infall) into stars. Lower mass satellites convert less of their initial ISM
into stars than comparable central galaxies, as introduced in Fig. 4
above. Both of the model variations shown in Fig. 5 completely fail to
reproduce this trend: model satellites have constant a €, / (€5") ~ 1
as a function of stellar mass’, shown by the heavy and thin solid lines
in the lower panel of Fig. 5. We have also not identified any reasonable
modification to our model that could produce this difference between
central and satellite galaxies. A process that strips gas from satellite
galaxies and is more efficient for lower mass satellites, however,
offers a well-motivated interpretation of the trend in Fig. 4. To

"The value is slightly less than 1 because of our choice to switch off halo-scale

gas recycling (GMl° = 0) for satellites.

MNRAS 540, 1730-1744 (2025)
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illustrate this, we add a very simple set of stripping term to the
system of equations in our model:

I = =2l
S = =g N

The parameter vy, has dimensions of inverse time. For illustrative
purposes, we choose a scaling of this parameter that decreases with
increasing stellar mass and qualitatively reproduces the trend in
€./ {e=™y a5 shown with the dashed lines in the lower panel of
Fig. 5; the inset panel shows the adopted values of vg,. Adding
this stripping term modulates the quenching time-scale, but does
not change its overall qualitative behaviour as a function of stellar
mass, as shown by comparing the dashed lines to their corresponding
solid lines in the middle panel of Fig. 5. We note that in the ‘self-
similar ICs’ models (constant halo and gas mass fractions) the
quenching time-scale changes most at intermediate stellar masses.
This has a simple physical explanation: in lower and higher mass
satellites, feedback-driven winds quench satellites so efficiently that
the stripping barely has time to make its influence felt before feedback
in the absence of accretion quenches the galaxies (in addition to our
implementation of stripping being intrinsically weak in the most
massive satellites).

To summarize our overall interpretation as guided by our analytic
modelling efforts: assuming that satellite galaxies evolve much like
central galaxies with their halo-scale accretion and recycling shut off,
the galaxy- and halo-scale winds driven by energetic feedback are
sufficient to explain the quenching time-scales of satellite galaxies
to leading order. ‘Environmental processes’ beyond the shut off
of accretion, such as ram-pressure or tidal stripping, can have a
subdominant influence but are not required to explain the main overall
trends. We emphasize that these statements apply to population
averages; in individual satellites stripping processes may be strong
enough to become the dominant quenching mechanism. Indeed,
spectacular examples of heavily ram-pressure stripped galaxies are
observed (see Boselli, Fossati & Sun 2022, for a review), and we
find evidence in the simulations for direct stripping of the ISM in at
least some of our simulated satellite galaxies (see Section 3.5 below).

3.4 Dependence of quenching time-scale on satellite properties

We next examine how the scaling of the quenching time-scale with
stellar mass depends on two intrinsic properties of satellite galaxies—
their gas fractions (with respect to stellar mass) at infall, and their
stellar densities. In the upper panel of Fig. 6 we plot the trends for
the 35 per cent most gas-rich satellite galaxies in each of six bins
of stellar mass alongside those of the 35 per cent most gas-poor
satellites in the same bins. Intuitively, galaxies that become satellites
with higher gas fractions are more resilient to quenching at all stellar
masses.

The difference in the quenching time-scale between the two groups
is small (< 1 Gyr) at higher masses but larger at lower and especially
intermediate masses (~ 3 Gyr). The difference in gas fraction turns
out to be mostly driven by the non-star-forming component of the
gas: ‘gas-rich’ and ‘gas-poor’ galaxies at fixed stellar mass have
the same star-forming gas mass within 50 per cent or less in all
stellar mass bins, while the non-star-forming gas mass is a factor
of several larger in the gas-rich group in all bins. In the massive

MNRAS 540, 1730-1744 (2025)
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Figure 6. Quenching time-scales of EAGLE satellite galaxies as a function
of stellar mass. Upper panel: Comparison of the quenching time-scales of the
35 per cent most gas-rich (light blue crosses) and 35 per cent most gas-poor
(dark red crosses) satellite galaxies in each stellar mass bin in our sample. The
gas content is measured at the infall time. Lower panel: Comparison of the
quenching time-scales of the 35 per cent most compact (blue crosses) and 35
per cent most diffuse (red crosses) satellite galaxies in each stellar mass bin
in our sample. Compactness is defined by the radius of the sphere enclosing
half of the stellar mass of the satellite.
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Figure 7. Fraction of non-star-forming gas particles with a cooling time-
scale longer than 6 Gyr (the time interval over which we track our sample of
satellites galaxies) as a function of stellar mass. Galaxies are binned by stellar
mass; the solid line and shaded band illustrate the median and interquartile
scatter in each bin.

galaxies the time to deplete the star-forming gas reservoir is about
the same in gas-rich and gas-poor galaxies because both groups have
about the same amount of star-forming gas. The non-star-forming
gas plays a lesser role in these galaxies because the cooling times of
non-star-forming gas particles are long compared to the quenching
time-scale (see Fig. 7), making the non-star-forming gas reservoir
mostly inaccessible to star formation. In the lowest and highest mass
satellites, the non-star-forming gas can be efficiently removed by
feedback processes (stripping also plays a role, especially in lower-
mass satellites), quickly making the initially ‘gas-rich’ satellites
resemble the ‘gas-poor’ satellites, leaving about equal amounts of
more tightly bound star-forming gas. Intermediate-mass satellites
can retain their non-star-forming gas for longer, and it can also cool
to continue to fuel star formation, maximizing the difference in the
quenching time between the ‘gas-rich’ and ‘gas-poor’ groups.
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Figure 8. The fate of stripped stars and star-forming gas. Upper panel:
number density of gas particles that were star forming at the time of the first
snapshot when they became unbound from their satellite as a function of their
separations from the satellite at z = 0. A plane (defined at z = 0) through the
centre of the satellite and perpendicular to its velocity vector divides particles
into those ‘leading’ the satellite shown with positive separations, and those
‘trailing” shown with negative separations. The curve for ‘leading’ particles
is reflected on the trailing side, shown with the light grey line. There is about
twice as much gas on the trailing side. Lower panel: number density of star
particles either stripped from a satellite in our sample or formed from gas
stripped from one of the satellites as a function of radial separation from the
host system. The black curve shows a two-component fit to the distribution
(the individual components are shown with thinner grey curves), showing
that the distribution can be cleanly separated into a compact component that
we associate with stars formed from stripped gas that has fallen into the BCG
and a diffuse component composed of stars stripped from satellites or formed
in star-forming gas tails that contributes to the ICL.

The lower panel of Fig. 6 is similar to the upper panel but
contrasts the most compact satellite galaxies (defined as the 35
per cent of the sample within each bin with the smallest stellar
half-mass radii) with the most diffuse satellites (35 per cent with
the largest stellar half-mass radii). At low stellar masses diffuse
satellites have shorter quenching time-scales than their more compact
counterparts, while at high stellar masses the trend inverts such
that more compact satellites quench more quickly than diffuse
satellites of the same stellar mass. More compact satellites are more
tightly gravitationally bound, offering an intuitive explanation for
the situation at the low stellar mass end: they are more resilient
against gas loss through supernova feedback, ram pressure and/or
tidal stripping. The reversed trend at the high-mass end is another hint
that stripping is not the main driver of the evolution of these objects,
instead perhaps compact satellites are more efficient at converting
their star-forming gas into stars and so deplete it faster through star
formation and the stronger AGN feedback that operates at this mass
scale.

3.5 Contribution to the ICL and BCG

The fate of the stars and the star-forming gas stripped from satellite
galaxies rounds out our picture of satellite galaxy evolution in
EAGLE. In the upper panel of Fig. 8 we examine the spatial
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distribution at the end of the 6 Gyr tracking interval of gas particles
that were star-forming during the first snapshot after becoming
unbound from the satellite galaxy that they fell in with®. We bisect
each galaxy with a plane passing through its centre and normal
to its velocity vector, dividing the gas into a component ‘trailing’
the satellite and another ‘leading’ it. The number density profile of
the leading component is repeated with a paler line on the trailing
side of the figure to highlight that there is a factor of ~ 2-3 more
gas on the trailing side. This is compelling evidence of direct ram
pressure stripping of the star-forming ISM: tides act approximately
symmetrically. The leading component of star-forming gas (at the
time when it was stripped) shows that tides also play a role’, but are
subdominant by a factor of a few to ram pressure. The figure focuses
on the immediate surroundings of the satellites, but the (stacked)
distribution of stripped gas continues similarly out to ~ 1 Mpc around
the satellites.

Stars not bound to satellites but that formed from gas that was
bound to a satellite at its infall time can arise through two channels:
either stars formed in the satellite and were subsequently stripped
from it, or stars formed from gas after it had been ejected or stripped
from the satellite. The two channels turn out to contribute about
equal amounts to the total mass of stars not bound to satellites
that originate from gas that fell in bound to satellites. The lower
panel of Fig. 8 show focuses on the ‘stripped-then-formed’ channel,
showing the radial distribution of stars around the centre of the
host system. There are clearly two components to the distribution
which we highlight by fitting a function with two terms of the
form:

i, exp (—(r /ra00nos7)”) 2

where 7 corresponds to a characteristic size of the component, «
‘stretches’ or ‘compresses’ it horizontally and 7i, sets its normaliza-
tion. The ‘inner’ component is dominant within ~ 2 per cent of rypg.
of the host (typically tens of kiloparsecs), while the outer component
extends well past . (to several megaparsecs). We qualitatively
label the inner component ‘BCG’ as its size is comparable to that
of the brightest cluster galaxy, while the outer component extends
far into the intra-cluster light (‘ICL"). The two components highlight
the different possible fates of stripped gas that eventually forms
stars: some eventually falls into a BCG where some star formation
is ongoing, while the rest forms stars much further out around the
host. Most star formation in stripped gas happens either in the BGC
or the diffuse intra-cluster medium (presumably in the gas tails of
satellites), although about 26 per cent of the stripped-then-formed
star particles end up either in another subhalo (presumably having
formed there; 17 per cent) or in the satellite that the gas initially fell
in with (presumably stars re-accreted by the satellite after having
formed in a gas tail; 5 per cent).

4 DISCUSSION

‘We discuss some biases and caveats to our results and their interpre-
tation in Section 4.1, and compare with the findings of Wright et al.
(2019) in Section 4.2.

8This means that the gas is not necessarily star-forming by the time that it
reaches the distance where it contributes to the histogram in the figure.

9Gas that was trailing but now appears to be leading because a satellite has
since turned around on its orbit also makes a small contribution.

MNRAS 540, 1730-1744 (2025)
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4.1 Biases and caveats

Since our main conclusion is that feedback in the absence of
accretion, and not direct stripping of ISM gas, is responsible for
setting the quenching time-scales in satellites of massive groups and
clusters, it is important to consider whether the simulations that
we use model feedback and stripping faithfully enough to support
this. In the case of stripping, this is straightforward. It is reasonably
clear that the EAGLE model, like other models with broadly similar
resolution and physics implementations, probably strips satellite
galaxies somewhat too efficiently (Bahé et al. 2017). One main
reason for this is that limited resolution and the choice to model
the ISM with a temperature floor of 8000 K mean that gas (and as
a consequence stellar) discs are thicker and hotter than in reality,
making them less tightly bound and more susceptible to stripping.
Assuming that stripping in the simulations should be less effective
only strengthens our conclusions.

The case of feedback is less clear cut. That energetic feedback is a
necessary ingredient in a successful galaxy formation model is rela-
tively uncontroversial. However, how feedback is best implemented
and how the outflows that it generates should scale with galaxy mass
and as a function of radius in galaxies remains an open problem. The
feedback implementation used in EAGLE model heats a relatively
small number of particles in the vicinity of a feedback event (AGN
or supernova) to a relatively high temperature. How this compares
to contemporary cosmological hydrodynamical simulation models is
discussed in detail by Mitchell et al. (2020a, section 5.2). The picture
that emerges is that EAGLE exhibits relatively low gas outflow rates
on the scale of galactic discs as the few heated particles quickly
escape, but they then entrain a much larger amount of circumgalactic
gas with them as they travel outwards, generating relatively high
outflow rates on the scale of the virial radius. We could therefore
speculate that, if anything, feedback in EAGLE might be too weak
on scales corresponding to the ISM, and too strong on halo scales.
Consulting Fig. 3, both gas reservoirs are contribute about equally to
the total star formation rate at all stellar masses (i.e. the dark green
wedges in the second and third panels in each set of panels have
roughly equal amplitudes). It is therefore unclear in which direction
an error in the efficacy of feedback in EAGLE would drive our
results — or, the feedback could be reasonably representative of that
operating in real galaxies, as hinted (albeit weakly) in sec. 5.3 of
Mitchell et al. (2020a). We therefore leave this question open as the
most important caveat to our main conclusion.

Our selection criteria (Section 2.1) introduce some biases into
our sample of satellite galaxies. To summarize: we have selected
satellites that fell in between 6 and 9 Gyr ago (between z ~ 1.4 and
0.6) and survive as satellites at the present day. The peak in the
quenching time-scale at M, ~ 10'M, is most pronounced when
we measure it from the quenching time-scale of satellites that have
actually quenched by z =0 (Fig. 1). The peak remains even if
we calculate a ‘characteristic’ quenching time-scale based on the
stacked star formation rates of all satellites (both quenched and
unquenched by z = 0; Fig. 5), although it does shift to slightly
lower stellar mass (M, ~ 5 x 10° M), and the amplitude of the
peak drops by ~ 1 Gyr. These shifts broadly reflect the increasing
contribution of star-forming galaxies at lower stellar masses, and the
asymmetric scatter in the quenching time-scale. The latter means
that the average quenching time-scale of satellites is not the same
as the quenching time-scale of the average (stacked) satellite. In
particular, a small fraction of galaxies quench much faster than can
be accounted for by star formation and feedback — these are either
cases where stripping does dominate the quenching process (without
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contradicting our interpretation of what is typical for the overall
population), or galaxies that have been ‘pre-processed’ in smaller
groups or clusters before infall. We have made no attempt to label
or separate the latter from the overall satellite population. It would
be interesting to investigate the role of pre-processing further in
future work, but the relatively long (> 2 Gyr) quenching time-scales
typical of the vast majority of galaxies in our sample suggests that
pre-processing is probably not the strongest factor in setting Tquench
in these objects.

We also imposed a selection on host haloes to have masses 10"* <
Mapoe /Mg < 101 (the upper limit is simply the mass of the most
massive cluster in the EAGLE simulation that we used). This means
that there is a bias in the satellite-to-host mass ratios accessible as
a function of stellar mass. For instance, the most massive satellites
cannot be found in hosts 1000 times more massive than themselves
because these are too rare to occur in the limited volume of the
simulation. However, all satellites in our sample can explore the same
range in host halo mass because the halo masses of the most massive
satellites in our sample are similar to or less than the halo masses
of the least massive groups selected. We expect these considerations
to have little impact on our main conclusion: we argue that the most
important environmental process regulating the quenching time-scale
is the cessation of accretion — this is essentially independent of the
mass of or mass ratio between the satellite galaxy and its host. The
other main physics at play (star formation and AGN feedback) are
predominantly secular processes and therefore insensitive to the host
mass.

Our choice of a mass- and redshift-independent cut in specific
star formation rate to define quenched galaxies could be criticized
as too simple (Pasquali et al. 2019, provide a helpful discussion in
section 5.2.1). We have checked that our main conclusions are not
strongly sensitive to this choice. For example, we tried adopting
the stellar mass-dependent threshold of Oman & Hudson (2016,
equation 13). Although this significantly reduces the quenching
time-scales of lower-mass galaxies, our qualitative interpretation is
preserved.

Finally, the redshift dependence of the quenching time-scale
deserves a brief discussion. A subtle point that is often overlooked
is that, depending on methodology, the redshift where a quenching
time is measured does not necessarily correspond to the redshift range
of the observed galaxies constraining the measurement, especially
when the quenching time-scale is long. For example, in a study of
galaxies observed at z = 0, the measurement could be sensitive to
the quenching time-scale of galaxies that are undergoing a transition
from star forming to passive at the present day, but a different
approach could instead be sensitive to the quenching time-scales
of all galaxies that have become passive by z = 0. These are not the
same. In this work, we have focused on galaxies with a selection
in infall time (6 to 9 Gyr ago) and have mostly focused on what
can be inferred from the average (stacked) satellite of a given stellar
mass regardless of whether it has quenched by z = 0. These choices
are essentially impossible to replicate in observational studies so our
results should not be compared quantitatively with these, but we hope
that our conclusions from theoretical arguments can help to inform
the qualitative interpretation of observation-based studies of the
quenching time-scale. With some caution due to these considerations,
we would say that our conclusions are most applicable to satellites
in z ~ 0 massive groups and clusters'®

10However, many of the satellites in our sample do have quenching times that
correspond to redshifts between z ~ 0.5 and 1. We note that there is evidence
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4.2 Comparison with Wright et al. (2019)

Wright et al. (2019) also use the EAGLE simulations to investigate
the quenching time-scales of central and satellite galaxies. Where
there are similarities between our analysis and theirs the measure-
ments qualitatively agree, but our interpretation differs in some places
with theirs, so some discussion is appropriate.

First, we note an important difference in definitions. Whereas we
define ‘quenching time-scale’ as the time between infall and crossing
a threshold in SSFR, they define ‘quenching time-scale’ as the
time between leaving the star-forming main sequence and becoming
quenched (defined in terms of colour or SSFR). Measurements
in the two studies are therefore not straightforward to compare
quantitatively, but we can comment on apparent differences in
qualitative conclusions.

They also find a peak in the median quenching time-scale of
satellite galaxies as a function of their stellar masses (their fig. 11),
and observe that the quenching of central and satellite galaxies
at the high stellar mass end seems to proceed similarly. This is
consistent with our comparison of tracked gas in satellites compared
to gas that was present at the same initial time in central galaxies:
its evolution proceeds very similarly (lower right set of panels in
Fig. 3). The central galaxies accrete a large amount of additional
gas, but this presumably enters the hot circumgalactic phase and,
due to the long cooling time (Fig. 7), never reaches the star-forming
disc.

They go on to observe that in low-mass galaxies, quenching
in satellites seems to proceed differently than in central galaxies
(when it occurs). They attribute this to the different environment
that satellites find themselves in. They tentatively mention stripping
of the ISM in satellites as the mechanism responsible, but this is
not strongly motivated. We would revise this conclusion, agreeing
that the difference in environment is responsible, but that the
shut off of accretion and loss of gas to feedback, rather than
stripping processes, are the dominant physics setting the quenching
time-scale.

Finally, they propose a connection between the maximum in the
quenching time-scale and the gas fraction in satellites (comparing
their figs 7 & 10). While we agree that the gas fraction can strongly
affect the quenching time-scale, our experiment of fixing the gas
fraction to a constant as a function of stellar mass (‘self-similar ICs
models discussed in Section 3.3) convinces us that the existence of
a peak in the quenching time-scale is more closely connected to the
scaling of outflow mass loading (72" and n"°) with halo mass than
it is to the gas fractions of galaxies.

5 SUMMARY & CONCLUSIONS

We measured the quenching time-scales (Tquench; time intervals be-
tween infall and cessation of star formation) of satellite galaxies in the
EAGLE cosmological galaxy formation simulations and found that
intermediate-mass satellites (M, ~ 10'° M) have longer quenching
time-scales than higher- and lower-mass satellites (Section 3.1). We
then tracked the subsequent evolution of gas particles that were
bound to simulated satellite galaxies at their infall time. This reveals
much of the physics at play in the average satellite galaxy (Section
3.2), but it remains very challenging to distinguish gas stripped by

that simulations like EAGLE are too efficient at quenching low-mass satellites
at redshift z ~ 1, (see Kukstas et al. 2023).
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an external mechanism such as ram pressure from gas expelled by
feedback. We used an analytic galaxy formation model adapted from
the semi-analytic model of MS22 to show that the most compelling
explanation for the ‘peak’ in the quenching time-scale as a function
of stellar mass is the minimum in the efficiency of feedback at the
same stellar mass (Section 3.3). Our interpretation is therefore that
the quenching time-scales of most satellite galaxies in this regime
are set by the time-scale for feedback to heat/eject the ISM as star
formation and AGN accretion proceed in the absence of the accretion
of fresh gas.

This interpretation does not preclude gas stripping (in particular
direct stripping of the ISM; Section 3.5) from playing a meaningful
role in the overall evolution of satellite galaxies, but strongly suggests
that for most satellite galaxies stripping contributes only a small
correction in the narrower context of setting the quenching time-
scale. The most heavily stripped galaxies, that may be preferentially
selected in searches for ‘jellyfish’ galaxies, may be exceptions to
this rule without invalidating it at the level of the galaxy population.
Our results reinforce the ‘overconsumption’ scenario put forward by
McGee et al. (2014, see also Cortese et al. 2021).

Our interpretation implies that measuring quenching time-scales
as the time interval between first pericentric passage (or infall) and the
global cessation of active star formation may not be the best approach
to understand the role of environment in galaxy quenching. Instead,
such metrics may be mostly sensitive to the secular processes — star
formation and feedback in the absence of accretion — that we argue
have the strongest role in setting this time-scale. This comes with
the caveat that the absence of accretion is environmentally driven.
Other metrics, especially those based on spatially resolved quantities,
are probably better suited to investigating the role of other environ-
mental processes like tidal or ram-pressure stripping (e.g. Lin et al.
2019).

Our approach to following the evolution of simulated satellite
galaxies by tracking their gas particles through time is promising
(see also Mitchell et al. 2020a; Mitchell, Schaye & Bower 2020b;
Mitchell & Schaye 2022a), and we have not exhausted its full
potential in this work. In particular, much more could be done to
exploit the spatially resolved nature of the galaxies. The limitations
of the EAGLE simulations (Section 4.1) mean that investigating
whether stripping might play a more important role in the outer
reaches of the ISM while feedback is dominant in the centres of
satellites (see Cortese et al. 2021, for a discussion) would probably
be asking too much of these simulations, but newer models (e.g.
COLIBRE, Schaye et al., in preparation; Chaikin et al., in preparation)
with improved treatment of the ISM make this an interesting
avenue for future work. Formulating a complete description of
satellite galaxy evolution across mass scales and redshift remains
a formidable challenge thanks to the numerous physical processes
at play.
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APPENDIX A: ANALYTIC MODEL DEFINITION

In this appendix, we describe the analytic galaxy evolution model introduced in Section 2.3. We adopt the notation of MS22 (equation 1), with
some modifications as described below.

Because the model of MS22 is a system of linear ordinary differential equations, formally it is straightforward to separate it into parts that
sum to the ‘full’ model, although in practice some care is needed to enforce physical consistency, such as ensuring non-negative mass in all
of the reservoirs at all times. This enables the first modification that we make to the original model: we remove the cosmological accretion
‘source’ term by setting £1° = 0. Any fresh gas entering the system is considered a separate component of the model that we do not follow
hereafter. This mimics our selection of gas particles bound to a satellite at infall and our choice to track the fate of this gas and not any
additional gas accreted later.

The second modification that we make is to simplify the treatment of ‘pristine’ and ‘ejected’ gas. MS22 track separately gas that has been
in the ISM of any galaxy at any previous time and that which has not. In their model, gas that has been in the ISM in the past is assumed to be
enriched with metals and cools more efficiently from the CGM into the ISM. We assume this higher efficiency G’f:ll for gas that is initially in the
ISM reservoir (and later enters the CGM and cools), while we assume the lower efficiency G for gas initially in the CGM (i.e. assuming that
it is unenriched and remains so even if it cools into the ISM and later returns to the CGM). This choice obviates the need for terms involving
Magjal (effectively dropping their equation 2), which instead become part of the Mcgy reservoir, and consequently the fraction Figy, = 1.
This simplification through approximation has only a small influence on the time evolution of the model while significantly reducing its

complexity.

M, ~ bound stars
HEl )5\ ~ bound SF gas
B McgMm &~ bound nSF gas
[ M, =~ unbound nSF gas

mass [10° M)

mass [107 M)

t [Gyr] t [Gyr] t [Gyr]

Figure Al. Fate of gas initially bound to satellite galaxies as predicted by our analytic model (equation Al). Groups of panels are organized as in Fig. 3 and
are comparable to the first three panels in each group in that figure; our analytic model succeeds in capturing the qualitative trends that emerge in the simulated
satellite and central galaxies. Each component in the model is conceptually analogous to one of the categories of tracked particles shown in Fig. 3 as listed
in the legend; unbound stars and unbound star-forming gas (second and third wedges from the top in Fig. 3; light green and light blue) have no analogues in
the analytic model. In the upper panel in each group we show the evolution of all of the gas initially bound to the satellite galaxy, while the second and third
panels decompose this into the portion initially bound to the CGM (superscript CGM, i in equation A1) and the ISM (superscript ISM, i), respectively. The
model predictions for central galaxies are shown with the dotted white lines marking the boundaries between the same regions as the coloured wedges. The only

difference between the calculations for central and satellite galaxies shown in this figure is that for satellites we set Gi‘;‘" =0.
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The third modification that we make is to track separately the gas that is initially in the CGM and the gas that is initially in the ISM. Because

i i ir si ; ; P ISM ISM ISM i
the equations are linear each reservoir simply separates into two sub-reservoirs, one for gas initially in the ISM (M¢cgn' > Migw s M, 4, MM

and one for gas initially in the CGM (M&ay™ s Mo, MgGM‘i, MM that sum to the total. No mass is ever exchanged between the two

sets of sub-reservoirs. This mimics our ability to separately track gas particles in a satellite that were star-forming at its infall time and
those that were non-star-forming at its infall time. For conciseness we denote the fraction of gas in some of the sub-reservoirs as follows:
R = MR (M MG ): PN = (1= R ) FI = AN/ (I + MER): FEQH = (11— PN,

With this separation into components, the feedback terms in the model require careful treatment. When stars form, the model specifies
mass flow rates from the ISM to the CGM (galaxy-scale winds with rate 7" #MISM), and from the CGM to the ejected reservoir (halo-scale
winds with rate n"al° @MISM). Both are proportional to the star formation rate @MISM. A problem is apparent: the gas that starts in the ISM
immediately forms stars, leading to a non-zero mass flow rate from the CGM to the ejected reservoir, but there is no gas in the CGM yet that
was initially in the ISM. The problem is obvious at this initial time, but remains throughout the time integration of the model. We resolve this
by calculating the total flow rates (for gas in the two sets of ‘sub-reservoirs’ combined) and then divide the flows between the two sets of
sub-reservoirs according to the fraction of mass in the sub-reservoir from which the flow is sourced relative to the total. For example, if star
formation triggers ISM outflows towards the CGM at a rate of 1 Mg, yr~! and there is currently 10'° M, in the ISM of which % was initially in
the ISM and % was initially in the CGM, the flow rate between the ISM and CGM sub-reservoirs for gas initially in the ISM is 0.25 Mg yr—',
and the flow rate between the ISM and CGM sub-reservoirs for gas initially in the CGM is 0.75 Mg yr~! (recovering the total flow rate of
1 Mg yr~1). Conceptually, feedback energy impacts all of the gas in the relevant reservoir and is simply divided up according to how much gas
in that reservoir belongs to each sub-reservoir. This introduces terms that look like mass exchanges between the two sets of sub-reservoirs, but
the equations enforce that the total mass in a given set of sub-reservoirs is constant in time.

With all of these changes to the MS22 model implemented, our modified model is defined by the coupled system of equations:

roc¥ ISM,i__gal ISM,i_halo\ G Ghalo ISM,i__gal ISM,i_ halo\ G
_ Tret. Jdogal -1_halo |\ Gsp L Jd_gal .i_halo | Gsr
= (Fism Feomn == 0 0 Fism n Feom ; 0 0
MlSM i al MISM i
CGM G CGM
JSMi = - (1 — R+ Figy! g"‘l) % 0 0 O —Fign! ’ml$ 0 Of | p/SMi
ISM ISM
ISMi ISM,i__halo Gsk _ Gl ISM,i__halo Gsk ISM.i
MI M, i 0 Fean “G 00 Feaw ™ =" 0 0 MI M.i
MBM 0 (1-R) Gst 0 0 0 0 0 Of|MSMi
mlomi| = COM.i gal _ pCOM.i halo) G _GE ( pCGM.i gal _ CGM.i halo) Gse G mlami |- (AD)
com 0 (FSSMipeal _ pSSMiphao) Gse we ((pCOMipgal _ pCOMiphao) Gsp - S’ | | Mcgu
7M. t t t t 2 CGM.i
ISM . al ISM
MCGM1 0 —Flgf,[M’lr,g‘“@ 0 0 % — (1 — R+ Fg™ lngal> Gsr 0 MCGM1
Mccml 0 Fcc;Mn halo Gsp 0 0 0 FCGMl halo Gsp _ Glpt;“’ 0 MCGM1
L o 0 0 0 0 (1-R) G;F 0 Ol

For the efficiencies (G, G, Gsg, G, yhlo peal | R) we assume the same time- and halo mass-dependent values as MS22 (i.e. plotted in
their fig. 3).

Now that we have defined a model that qualitatively reproduces the evolution of gas in our control sample of EAGLE central galaxies,
we make one final change to the model to adapt it to satellite galaxies. For central galaxies, we assumed that any gas ejected to large radii
(notionally beyond the virial radius, although no radial scale appears explicitly in the model) can return to the CGM with an efficiency
proportional to Gl°, For satellites, we assume that any gas expelled to such large radii is lost and will never return by setting G"3° = 0.

The evolution of the 6 models corresponding to our 6 stellar mass bins (i.e. initial values corresponding to symbols in Fig. 5, upper panel) is
shown in Fig. A1l. Comparing with the similar panels in Fig. 3, we find that our model qualitatively reproduces the behaviour of the gas from
simulated galaxies that we tracked through time. For example, more massive satellites convert more of their initial ISM mass (dark blue) into
stars (green). The main difference between central (dotted white lines) and satellite galaxies (coloured wedges) in the models is that the CGM
in satellites is lost faster as it is not replenished by the return of previously ejected gas (controlled by G"°). Since our model formulation does
not include a treatment of stripping of stars and gas, the unbound stars and star-forming gas components that we track in the simulations (light
blue and green in Fig. 3) do not occur in the models.
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