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ABSTRACT
We investigate the disruption of group and cluster satellite galaxies with total mass (dark mat-
ter plus baryons) above 1010 M� in the Hydrangea simulations, a suite of 24 high-resolution
cosmological hydrodynamical zoom-in simulations based on the EAGLE model. The simu-
lations predict that ∼50 per cent of satellites survive to redshift z = 0, with higher survival
fractions in massive clusters than in groups and only small differences between baryonic and
pure N-body simulations. For clusters, up to 90 per cent of galaxy disruption occurs in lower-
mass sub-groups (i.e., during pre-processing); 96 per cent of satellites in massive clusters that
were accreted at z < 2 and have not been pre-processed survive. Of those satellites that are
disrupted, only a few per cent merge with other satellites, even in low-mass groups. The sur-
vival fraction changes rapidly from less than 10 per cent of those accreted at high z to more
than 90 per cent at low z. This shift, which reflects faster disruption of satellites accreted at
higher z, happens at lower z for more massive galaxies and those accreted onto less massive
haloes. The disruption of satellite galaxies is found to correlate only weakly with their pre-
accretion baryon content, star formation rate, and size, so that surviving galaxies are nearly
unbiased in these properties. These results suggest that satellite disruption in massive haloes
is uncommon, and that it is predominantly the result of gravitational rather than baryonic
processes.

Key words: galaxies: evolution – galaxies: clusters: general – galaxies: stellar content –
methods: numerical

1 INTRODUCTION

A key prediction of the concordance Λ Cold Dark Matter (ΛCDM)
cosmology is that dark matter structures form hierarchically: small
objects collapsed first and then built up successively more massive
structures through mergers (e.g., Press & Schechter 1974; Searle &
Zinn 1978; White & Rees 1978). Galaxy groups and clusters rep-
resent the highest level of this hierarchy at the present day, built up

? bahe@strw.leidenuniv.nl

from the largest number of individual accreted galaxies1. Once ac-
creted, galaxies are subject to mass loss due to tidal forces and ram
pressure stripping, while dynamical friction can drive them towards
the centre of their host halo and therefore enhance the mass loss yet
further (see, e.g., Binney & Tremaine 2008). In this way, the galaxy
may be reduced to a mass below a given detection threshold, or
even disrupted completely (e.g., Hayashi et al. 2003).

Understanding the extent to which satellite galaxies survive
this mass loss is desirable for a number of reasons. It allows

1 We here use the term ‘galaxy’ to refer to distinct self-bound objects, irre-
spective of their mass or composition. A galaxy therefore includes the dark
matter halo as well as stellar component and gas reservoir, where they exist.

c© 2019 The Authors
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measuring the halo mass from the abundance of galaxies (see,
e.g., Rozo et al. 2009; Budzynski et al. 2012; Rykoff et al. 2014;
Andreon 2015; Saro et al. 2015) or kinematics (e.g., Zhang et al.
2011; Bocquet et al. 2015; Sereno & Ettori 2015; see also Ar-
mitage et al. 2018). Detailed characterisation of substructure is one
of the most promising avenues to constrain the nature of dark mat-
ter (e.g., Randall et al. 2008; Lovell et al. 2012; Vegetti et al. 2012;
Harvey et al. 2015; Robertson et al. 2018). Finally, satellite galaxies
differ from isolated galaxies of the same stellar mass in key aspects,
such as their colour (e.g., Peng et al. 2010), star formation rate
(e.g., Kauffmann et al. 2004; Wetzel et al. 2012), and morphology
(e.g., Dressler 1980). The detailed origins of these differences are
still unsolved puzzles, which also requires understanding to what
extent satellites survive at all: if, for example, survival correlates
with galaxy properties prior to infall, this may (partly) explain the
aforementioned differences.

Because of its complexity, this problem needs to be addressed
with numerical simulations (see, e.g., van den Bosch & Ogiya
2018). Since the late 1990s, these have achieved sufficiently high
resolution to avoid ubiquitous numerical dissolution of satellite
galaxies (or ‘subhaloes’; e.g., Ghigna et al. 1998; Moore et al. 1999;
Springel et al. 2001, 2008; Gao et al. 2012), which prompted a mul-
titude of studies that analysed their evolution and survival in detail
(e.g., Tormen et al. 1998; De Lucia et al. 2004; Gao et al. 2004;
Weinberg et al. 2008; Dolag et al. 2009; Xie & Gao 2015; Chua
et al. 2017; van den Bosch 2017). The qualitatively consistent con-
clusion from these studies is that subhaloes survive for a limited
amount of time, with the lowest survival rate (i.e., fastest disrup-
tion) at both the highest and lowest ends of the subhalo mass range.
The majority of surviving subhaloes in massive clusters were there-
fore accreted relatively recently, at z < 1 (De Lucia et al. 2004; Gao
et al. 2004). Of those that were accreted earlier, only a small frac-
tion was typically predicted to survive to z = 0: Gao et al. (2004)
and Jiang & van den Bosch (2017), for instance, both found that
only 10 per cent of simulated subhaloes accreted at z = 2 could still
be identified at z = 0.

An inherent limitation in all numerical studies is that limited
resolution precludes the identification of subhaloes below a limit-
ing mass, even if they are physically not completely disrupted. If
survival is defined as the subhalo retaining at least a given num-
ber of particles (e.g., Gao et al. 2004; Xie & Gao 2015; van den
Bosch 2017) or a minimum mass set by the resolution of the sim-
ulation (e.g., Chua et al. 2017), simulations with higher resolution
predict higher survival fractions: for example, Xie & Gao (2015)
found that in the Phoenix dark matter only galaxy cluster simula-
tions (Gao et al. 2012), which resolve each cluster with ∼108 par-
ticles, more than half of all subhaloes with mass above 1010 M�
accreted at z = 2 survive to the present day.

A more subtle consequence of numerical resolution has been
pointed out in a recent series of papers by van den Bosch (2017),
van den Bosch et al. (2018), and van den Bosch & Ogiya (2018):
they found that the complete disruption of subhaloes should, physi-
cally, be extremely rare and that numerical artefacts can occur even
well above the nominal resolution limit of a simulation. Through
a suite of idealised N-body experiments, van den Bosch & Ogiya
(2018) demonstrated that inadequate force softening – i.e., spatial
resolution – and particle numbers – i.e., mass resolution – both act
to accelerate the tidal disruption of subhaloes, even when they are
‘well resolved’ with &100 particles. Due to the extremely demand-
ing resolution requirements found to be necessary to prevent such
numerical disruption, van den Bosch & Ogiya (2018) argued that

this constitutes a serious road-block on the path to understanding
the evolution of satellite galaxies.

Another limitation in many of the aforementioned simulations
is the neglect of baryons. Ram pressure can efficiently remove gas
from infalling galaxies (Gunn & Gott 1972), making them more
susceptible to disruption (e.g., Saro et al. 2008), while gas cooling
and star formation may have a stabilising effect through the for-
mation of dense cores, which are more difficult to disrupt. Non-
radiative hydrodynamical simulations have given discrepant an-
swers about the impact of gas removal on subhalo survival, with
some finding it to be more relevant (Saro et al. 2008; Dolag et al.
2009) than others (Tormen et al. 2004).

The modelling of additional baryonic effects, such as gas cool-
ing, star formation, and its associated energy feedback remains un-
certain (see, e.g., Scannapieco et al. 2012 and the discussion in
Schaye et al. 2015) and cosmological hydrodynamical simulations
accounting for them have long struggled to produce even realis-
tic isolated galaxies. They have therefore, perhaps unsurprisingly,
led to a variety of contradictory conclusions about the net effect
of baryons on satellite survival: Weinberg et al. (2008) found that
their inclusion increases survival, particularly in low-mass galaxies,
while Dolag et al. (2009) concluded that the effect of gas cooling
and star formation is largely cancelled by the disruptive effect of
gas stripping. The Illustris simulation (Vogelsberger et al. 2014)
predicts a net disruptive effect of baryons (Chua et al. 2017).

With an improved implementation of energy feedback that
largely overcomes numerical cooling losses (Dalla Vecchia &
Schaye 2012), and by calibrating the uncertain subgrid prescrip-
tions against observational relations in the local Universe, the EA-
GLE project (Schaye et al. 2015) has produced a population of
galaxies that match not only these calibration diagnostics, but also
their evolution to high redshift (Furlong et al. 2015, 2017) and a
wide range of other observables including galaxy colours (Trayford
et al. 2015, 2017), star formation rates (Schaye et al. 2015), and
neutral gas content (Lagos et al. 2015; Bahé et al. 2016; Marasco
et al. 2016; Crain et al. 2017). This model therefore provides real-
istic initial conditions to study the evolution of satellite galaxies.

The Hydrangea simulation suite applies this successful model
to the scale of galaxy clusters by combining it with the zoomed
initial conditions technique (e.g., Katz & White 1993). Despite
some tensions in the mass of their simulated central cluster galaxies
(Bahé et al. 2017b) and hot gas fractions (Barnes et al. 2017b), the
z = 0.1 satellite stellar mass function agrees remarkably well with
observations, down to stellar masses far below that of the Milky
Way (Bahé et al. 2017b). This suggests that the fraction of satel-
lites that survive to the present day is modelled correctly. The Hy-
drangea suite therefore allows us to study the evolution of satellites
in a realistic way, over a wide range of host and galaxy masses.

With this tool, we revisit the question of satellite survival in
massive haloes. We aim to address in particular the following three
questions: (i) What fraction of accreted satellites survive to z = 0,
and how does this depend on accretion time, galaxy mass, and host
mass? How important, therefore, is satellite disruption2 in a simula-
tion suite that is characteristic of the current state of the art in cos-
mological hydrodynamical simulations that include massive clus-
ters (see also, e.g., Pillepich et al. 2018 and Tremmel et al. 2019)?
(ii) What is the predicted effect of baryons on galaxy survival? (iii)

2 Throughout this paper, we use ‘disruption’ as antonym to ‘survival’. It
therefore refers to the dispersal of galaxies into their host halo as well as to
mergers with another galaxy.
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What is the role of environmental effects on galaxies prior to accre-
tion onto their (final) halo? This ‘pre-processing’ step (e.g., Fujita
2004; Berrier et al. 2009; McGee et al. 2009; Balogh & McGee
2010) has been identified as a key stage in the evolution of clus-
ter galaxies (e.g., Zabludoff & Mulchaey 1998; Berrier et al. 2009;
McGee et al. 2009; Bahé et al. 2013; Wetzel et al. 2013; Han et al.
2018), but to our knowledge no study has so far examined its role
in satellite disruption.

The remainder of this paper is structured as follows. Section 2
summarises the key aspects of the Hydrangea simulations and the
relevant post-processing steps, including an overview of our new
method to trace simulated galaxies through time. The predicted sur-
vival fractions are presented in Section 3, followed by an analysis of
the roles of pre-processing, satellite–satellite mergers, and galaxy
accretion time in Section 4. We investigate the influence of galaxy
properties prior to accretion on their survival in Section 5, and sum-
marize our conclusions in Section 6. In appendices, we provide a
detailed description of our new tracing method (Appendix A), a
verification of the robustness of our results against numerical lim-
itations (Appendix B), and a comparison to the numerical experi-
ments of van den Bosch & Ogiya (2018, Appendix C). A compan-
ion study (Paper II; Bahé et al., in prep.) examines the mechanisms
of galaxy disruption and its role in building central group/cluster
galaxies and their extended haloes.

Throughout, we assume the same flat ΛCDM cosmol-
ogy as the EAGLE project, with parameters as determined
by Planck Collaboration XVI (2014): Hubble parameter h ≡
H0/(100kms−1 Mpc−1) = 0.6777, dark energy density parameter
ΩΛ = 0.693 (dark energy equation of state parameter w=−1), mat-
ter density parameter ΩM = 0.307, and baryon density parameter
Ωb = 0.04825. All galaxy stellar, dark matter, and total masses are
computed as the sum of all gravitationally bound particles of the re-
spective type as identified by the SUBFIND code (see Section 2.2).

2 SIMULATIONS AND POST-PROCESSING

2.1 The Hydrangea simulations

The Hydrangea simulations are part of the C-EAGLE project, a
suite of cosmological hydrodynamical zoom-in smoothed particle
hydrodynamics (SPH) simulations of 30 massive galaxy clusters
(Bahé et al. 2017b; Barnes et al. 2017b). They were run with the
‘AGNdT9’ variant of the EAGLE model (see Table 3 of Schaye
et al. 2015), with initial particle masses mDM = 9.7× 106 M�
and mgas = 1.8× 106 M� for dark matter and gas, respectively.
The (spatially constant, Plummer-equivalent) gravitational soften-
ing length of the simulations is ε = 0.7 proper kpc at z < 2.8. Here,
we provide a succinct summary of their key features and refer to
Bahé et al. (2017b) and Barnes et al. (2017b) for more details.

The 30 clusters of the C-EAGLE project were chosen from
a low-resolution N-body simulation (Barnes et al. 2017a), in the
mass range3 14.0 > log10(M

z=0
200c/M�)> 15.4 at z = 0 and without

a more massive halo closer than max(20 r200c, 30 Mpc) at z = 0.
24 clusters – the Hydrangea suite – were simulated with a high-
resolution region extending to at least 10r200c from the centre of
the target cluster (defined as the location of its potential minimum).

3 Mz = 0
200c denotes the total mass within a sphere of radius r200c, centred

on the potential minimum of the cluster, within which the average density
equals 200 times the critical density.

Within these large zoom-in regions, they contain a multitude of ad-
ditional lower-mass groups and clusters on the outskirts of the main
target cluster.

The EAGLE code (Schaye et al. 2015) that was used for the
zoom-in resimulations is a substantially modified version of the
GADGET-3 code (last described in Springel 2005). The changes
include updates to the hydrodynamics scheme collectively referred
to as ‘ANARCHY’ (Schaller et al. 2015; Schaye et al. 2015) and
a large number of subgrid physics models to simulate unresolved
astrophysical processes, which are described in detail by Schaye
et al. (2015). They include models for radiative cooling, photoheat-
ing, and reionization (Wiersma et al. 2009a); star formation based
on the Kennicutt-Schmidt relation cast as a pressure law (Schaye
& Dalla Vecchia 2008) but with a metallicity-dependent star for-
mation threshold (Schaye 2004); a pressure floor corresponding to
P ∝ ρ4/3 imposed on gas with nH > 10−1cm−3 to prevent the for-
mation of an inadequately modelled cold gas phase; mass and metal
enrichment of gas due to stellar outflows based on Wiersma et al.
(2009b); energy feedback from star formation in thermal stochas-
tic form based on Dalla Vecchia & Schaye (2012); and seeding,
growth of, and energy feedback from supermassive black holes
based on Springel et al. (2005), Rosas-Guevara et al. (2015), and
Schaye et al. (2015).

Particularly relevant to this study is that those sub-grid param-
eters that are not well-constrained by observations – primarily the
efficiency scaling of star formation feedback – were calibrated so
that the simulated field galaxy population matches low-redshift ob-
servations in terms of the stellar mass function and stellar sizes (as
described by Crain et al. 2015). These are crucial prerequisites for
meaningful predictions about the survival of cluster galaxies, be-
cause an overly massive or overly compact stellar component may
make the simulated galaxies artificially resilient against disruption
(and vice versa).

In addition to the main simulation with hydrodynamics and
baryon physics, each volume was also simulated in N-body only
mode, i.e., starting from the same initial conditions but assuming
that all matter is dark. These ‘DM-only’ simulations allow us to
directly quantify the net impact of baryons (see also Armitage et al.
2018).

2.2 Structure identification

The primary output from each simulation consists of 30 snapshots,
which are mostly spaced equidistant in time between z = 14.0 and
z = 0 with ∆t = 500Myr. In each of these outputs, structures were
identified with the SUBFIND code (Springel et al. 2001; Dolag et al.
2009) in a two-step process.

First, spatially disjoint groups of particles were found with a
friends-of-friends (FoF) algorithm with a linking length of b = 0.2
times the mean inter-particle separation. As shown by More et al.
(2011), this linking length corresponds approximately (within a
factor of≈2) to a limiting isodensity contour of δ ≡ ρ/ρmean = 82.
The FoF algorithm is applied only to DM particles; baryon particles
are attached to the FoF group (if any) of their nearest DM neigh-
bour particle (Dolag et al. 2009). Groups with less than NFoF = 32
DM particles are deemed unresolved and discarded.

Within each FoF group, SUBFIND then identifies gravitation-
ally self-bound ‘subhaloes’. This procedure is described in detail by
Springel et al. (2001) and Dolag et al. (2009). Candidate subhaloes
are identified as locally over-dense regions, limited by the isoden-
sity contour at the density saddle point that separates the candidate
subhalo from the local background. Within each candidate, gravi-
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tationally unbound particles are iteratively removed and candidates
retaining more than 20 particles (excluding gas) are identified as
genuine subhaloes. Finally, all particles in the FoF group that are
not part of any subhalo are collected into the ‘background’ subhalo,
provided that they are gravitationally bound to it.

In the following, we will refer to all subhaloes as ‘galaxies’,
including the background subhalo (which is typically the most mas-
sive one in any FoF group). The latter will be referred to as ‘central’
and all others as ‘satellites’. This nomenclature is independent of
the stellar content of a subhalo (which may be zero); unless specif-
ically stated otherwise, we define galaxies as including all particle
types, including their gaseous and dark matter haloes.

Previous work has shown that the subhalo identification step
of SUBFIND tends to incorrectly assign particles near the edge of
satellites to the central subhalo (e.g., Muldrew et al. 2011). In ide-
alised tests, Muldrew et al. (2011) have shown that this can artifi-
cially suppress the mass of even massive subhaloes (M = 1012 M�)
by as much as 90 per cent near the centre of a galaxy cluster; in
extreme cases, it may be lost altogether. Our tracing procedure
accounts for this spurious, temporary “disruption” where possible
(see below), and we have verified that only a minute fraction of
galaxies missing from the z = 0 SUBFIND catalogue still exist as
self-bound structures (see Appendix B2). One must, however, bear
in mind that the masses of satellite subhaloes calculated by SUB-
FIND may be (substantially) underestimated.

2.3 Tracing galaxies through time

The subhalo catalogues returned by SUBFIND describe the simu-
lated structures at one point in time. In order to follow individual
simulated galaxies – physical objects that appear at some point in
time and potentially disappear later – these outputs must be linked
together as an additional post-processing step. We accomplish this
with the ‘SPIDERWEB’ algorithm, a substantially modified version
of the procedure outlined in Bahé et al. (2017b). A full description
of the code elements and their physical motivation is provided in
Appendix A; the following is a brief summary of its main aspects.

SPIDERWEB follows a galaxy through time by identifying the
sequence of subhaloes in subsequent snapshots that share the high-
est fraction of particles. Although this is conceptually straightfor-
ward, subtleties arise due to interactions between galaxies, particu-
larly in the dense environments of groups and clusters. We therefore
consider multiple candidate descendants for each subhalo in a given
snapshot (i), namely all those in the subsequent snapshot ( j) that are
‘linked’ to the original subhalo by sharing at least one particle. In
the case of multiple links from one subhalo in i, the highest priority
is given to the one that contains the largest number of its 5 per cent
most bound collisionless particles (its ‘core’). The other links are
reserved as backup in case this highest priority link leads to a sub-
halo in j that already overlaps more closely with another subhalo
in i: this may, for example, happen if the galaxy is undergoing se-
vere stripping so that most of its (core) particles are transferred to
another galaxy between two snapshots. We note that this approach
differs from other ‘merger tree’ algorithms (e.g., Rodriguez-Gomez
et al. 2015; Qu et al. 2017), which only consider one possible de-
scendant for each subhalo.

To account for instances of a galaxy temporarily not being
identified at all by SUBFIND, SPIDERWEB attempts to re-connect
lost galaxies after up to 5 snapshots (corresponding to a maximum
gap of 2.5 Gyr at our standard snapshot spacing). Our code also
gives special consideration to the treatment of mergers, by explic-
itly accounting for prior mass transfers between galaxies when se-

lecting the main progenitor of a subhalo in j that is linked to multi-
ple subhaloes in i.

If no descendant can be found for a subhalo in i, its galaxy
is treated as disrupted and ‘merged’ onto the galaxy that contains
the largest number of its core particles. By following these target
galaxies (possibly over multiple mergers), SPIDERWEB identifies a
unique ‘carrier’ galaxy at z = 0 as the endpoint of every galaxy that
has ever existed in the simulation. For a comprehensive description
and justification of these methods, the interested reader is referred
to Appendix A.

2.4 Sample selection

Galaxies are characterised by the peak (total) subhalo mass they
have ever attained, which we denote as Mpeak

tot . In contrast to the
equivalent mass at z = 0 (Mz = 0

tot ), this can be homogeneously com-
puted for both surviving and disrupted galaxies, and compared to
the stellar peak mass Mpeak

? , it allows a direct comparison between
hydrodynamical and DM-only simulations. There is a fairly tight
relation between Mpeak

tot and Mpeak
? (see also Moster et al. 2013 and

Behroozi et al. 2018), with a 1σ scatter of typically only≈0.5 dex:
Mpeak

tot = 1010 (1011.5, 1012.5) M� corresponds approximately to
Mpeak

? = 107.7 (1010.1, 1011) M�.
Here, we analyse galaxies with Mpeak

tot > 1010 M� (Mpeak
? &

5× 107 M�), i.e., those that have at some point been resolved by
> 1000 particles. Many baryonic z = 0 properties of our simu-
lated galaxies are already unconverged or in tension with obser-
vations at Mpeak

tot < 1011.5 M�, including stellar masses (at Mpeak
tot <

5×1010 M�), sizes, quenched fractions (both at Mpeak
tot < 1011 M�),

metallicities (Schaye et al. 2015), and neutral gas content (Crain
et al. 2017). We include these low-mass galaxies here to test the
predicted survival fractions in this poorly converged regime, but
emphasize that they should be interpreted with caution, at least to
the extent that they deviate between hydrodynamical and DM-only
simulations.

We exclude a small number of galaxies (� 1 per cent at
Mpeak

tot > 1010 M�) that are formed predominantly from particles
that were previously associated with another galaxy. These ‘spec-
tres’ typically correspond to substructures within a more massive
galaxy (e.g., a dense part of a spiral arm) that are temporarily iden-
tified as a separate subhalo (see Appendix A for further details).

Because the Hydrangea simulations use the zoom-in tech-
nique, some subhaloes in each snapshot lie close to the edge of
the high-resolution region and may be subject to numerical arte-
facts. We therefore exclude all galaxies from our analysis whose
potential minimum lies closer than 5 comoving Mpc from a low-
resolution boundary particle in any snapshot. We also exclude a
very small population of low-mass galaxies (< 0.1 per cent at
Mpeak

tot < 1011M�) that have no identifiable carrier at z = 0 because
all their particles became unbound when they were disrupted.

2.5 Satellite accretion times

As a final step, we need to identify galaxies that have been ac-
creted by a group or cluster at some point in their lives. Not all
of these are satellites at z = 0: some may have been disrupted com-
pletely, and others may have temporarily or permanently escaped as
‘backsplash’ galaxies (see, e.g., Gill et al. 2005). For each galaxy,
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we therefore first identify the snapshots in which it is a satellite4;
if there are none, the galaxy is discarded. In each of these snap-
shots, we then find the corresponding central galaxy. The FoF group
containing this central (or its carrier, in case the central itself has
merged) at z = 0 is a candidate host of the galaxy under considera-
tion. If there are multiple candidates (from different snapshots), we
select the one which is a candidate in the largest number of snap-
shots and, in the event of a tie, the one from the earliest snapshot.
By definition, all hosts correspond to FoF groups at z = 0 and can
therefore be classified by their present-day Mz = 0

200c .
An illustration of our host assignment scheme is provided

in Fig. 1. This follows one galaxy (represented by purple circles)
through six consecutive snapshots at times t0–t5 (different rows
from from top to bottom), with the last row at t5 corresponding
to z = 0. Circles in other colours represent other galaxies. The pur-
ple galaxy is a satellite in four snapshots (t1–t4), during which it
is a member of the FoF groups indicated with dotted ellipses in the
colour of their centrals (which are denoted with a ‘C’). Because one
of these (blue) is itself a satellite (of the green one) at z = 0, there
are only two candidate host groups, indicated with the green and
grey dashed ellipses in the bottom row. The galaxy under consider-
ation (purple) was associated to the green candidate in three snap-
shots (t2–t4) and to the grey candidate in only one (t1). The former
is therefore selected as its host, even though the purple galaxy is, in
this example, not actually part of it5 at z = 0.

We exclude galaxies that are the central galaxy of their own
host at z = 0, which can occur as a result of satellite–central swaps.
This only affects 0.1 per cent of our galaxies, but because these all
have6 Mpeak

tot ≈Mz = 0
200c , the fraction is almost 50 per cent within the

most extreme combination of high Mpeak
tot (> 1012.5 M�) and low

Mz = 0
200c (= 1012.5–1013.5 M�). Our final sample contains 165 566

galaxies with Mpeak
tot > 1010 M� that are associated with a host of

Mz = 0
200c > 1012.5 M�, including 3 433 with Mpeak

tot > 1012 M�.
With a host halo selected for each galaxy, we next find their

accretion times. We consider two alternative definitions, but note
that a plethora of others have been used in the literature (see, e.g.,
Gao et al. 2004; Xie & Gao 2015; Chua et al. 2017). The ‘branch
accretion time’ (tbranch) is the middle of the snapshot interval be-
fore the galaxy first became a satellite in any progenitor branch of
its host halo (in other words, in a halo whose central – or its carrier
– at z = 0 is in the same group as the galaxy’s host). The ‘main ac-
cretion time’ (tmain) is taken as the analogous point when the galaxy
became a satellite in its actual host halo. Galaxies that never reach
their host halo, for example because they disrupted in a side-branch
(see Section 4.1), are assigned tmain = ∞. When a galaxy became
a satellite and then merged before the next snapshot was written

4 As noted in Section 2.2, we define satellite status and accretion times in
terms of a galaxy’s membership to an FoF group: it is a satellite if it is not
the central subhalo of the FoF group to which it belongs. Not all of these
satellites are necessarily within r200c from the central, particularly in highly
aspherical groups.
5 Fig. 1 deliberately depicts the non-standard situation of a galaxy that has
escaped from its host at z = 0, to highlight that our host assignment scheme
does not depend (exclusively) on z = 0 group membership. The choice of
host and accretion times would be exactly the same in the (more typical)
situation of the purple galaxy being part of the green group at z = 0, or
having merged with one of its members.
6 There are small differences between Mpeak

tot and Mz = 0
200c even for galaxies

that are their own host, because the latter excludes particles beyond r200c,
but also includes unbound particles and those in satellites within this radius.

 t0

 t1

 t2

 t3

 t4 

 tbranch

 tmain

 C

 C

 C

 C

Current galaxy

Host

 C

 t5 
(z = 0)

 C  C C

C = central
FoF 

group

Figure 1. An illustration of our host assignment scheme. Shown are six
consecutive snapshots at times t0 to t5 (the latter corresponding to z = 0).
Coloured circles represent four individual galaxies, of which the purple one
is currently under consideration. Although it is a central at redshift z = 0, it
was a satellite in four previous snapshots (t1–t4), with the respective groups
outlined by dotted ellipses. Their centrals lie in two FoF groups at z = 0,
indicated by the grey and green dashed ellipses in the bottom row. These are
the two candidate hosts of the galaxy, and the shading behind each snapshot
label (on the far left) indicates to which one it was associated at this point.
Because it is associated most often to the green candidate, this is selected
as the galaxy’s host. The two horizontal red lines indicate the two accretion
times used in this paper, corresponding to first infall into the host itself
(tmain) and one of its progenitor branches (tbranch).

(so that it is never recorded as a satellite), we assign an accretion
time half-way between the last snapshot in which the galaxy was
detected, and the first in which it was not.

For the situation depicted in Fig. 1, these two definitions of ac-
cretion time are indicated by red horizontal lines. We highlight that
tbranch is, in this example, not equivalent to the first time at which
the purple galaxy became a satellite, because its (brief) association
with the grey group in t1 is not yet part of its accretion into its final
host (green).

In Fig. 2, we show the cumulative distribution of both branch
(top) and main (bottom) accretion times for galaxies with differ-
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Figure 2. Cumulative distribution of accretion times for different peak total
galaxy masses (solid lines) and different host halo masses (dashed lines)
in the hydrodynamical simulations. Top: accretion onto any branch of the
host group (tbranch), bottom: accretion onto its main progenitor branch
(tmain), for galaxies with tmain < ∞. Values of tbranch are predominantly early
(around z ≈ 2), while tmain is more evenly spread out. The former depend
mostly on galaxy mass, the latter on host mass.

ent peak total galaxy masses (Mpeak
tot ; solid lines in shades of green

and blue) and host halo masses (Mz = 0
200c ; dashed lines in shades of

yellow and red). For the former we divide galaxies into six equal
bins in log-space, from Mpeak

tot = 1010 to 1013 M�. For the hosts,
we distinguish between ‘massive clusters’ (Mz = 0

200c > 1014.5M�; or-
ange), ‘low-mass clusters’ (Mz = 0

200c = 1013.5–1014.5M�; lilac), and
‘groups’ (Mz = 0

200c = 1012.5–1013.5M�; black).
Due to the setup of our simulations, the latter two bins are

dominated by objects at the periphery of a more massive cluster
and therefore not necessarily representative of all haloes in these
mass bins. However, we found that the survival fractions shown be-
low only vary by <≈ 5 per cent between galaxies with a host at < 5
and 5–10 r200c from the central cluster of their simulation volume,
respectively7. We are therefore confident that the large-scale envi-
ronment does not induce a significant bias in our conclusions for
lower-mass haloes. For display purposes, all times are offset by a
random value of up to ±250 Myr to suppress artificial discreteness
due to the finite number of snapshots.

Galaxies are accreted over a wide redshift range, 4 >≈ z > 0.
The distribution of tbranch (top; median at z ≈ 1.5–3) is more con-
centrated towards high z than that of tmain (bottom; median at

7 The survival fraction is, in general, slightly higher for galaxies whose
host lies closer to the central cluster.
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Figure 3. Fraction of satellite galaxies that are pre-processed (first accreted
by a subgroup, rather than their final host) as a function of their peak total
mass. Hydrodynamical simulations are represented by solid lines (shaded
bands indicating their binomial 1σ uncertainties), the DM-only runs by dot-
ted lines. Different colours represent galaxies in hosts of different mass, as
indicated by the colour bar along the right edge. Pre-processing is ubiqui-
tous, especially for low-mass galaxies and those associated with massive
clusters (orange).

z ≈ 0.5–1). In addition, tbranch depends strongly on Mpeak
tot – more

massive galaxies are accreted later (compare the dark blue and
yellow-green solid lines) – but hardly on Mz = 0

200c (the orange and
black dotted lines lie almost on top of each other)8. The main ac-
cretion time shows the opposite behaviour, with a clear difference
between different hosts – galaxies in clusters (orange dashed) are
accreted later than those in groups (black dashed) – but a much
weaker dependence on galaxy mass. There is hardly any differ-
ence between hydrodynamical and DM-only simulations (omitted
for clarity).

The gap between the median tbranch and tmain implies a signif-
icant role of pre-processing, i.e., that many galaxies first fall into a
sub-group which is later accreted by their final host (e.g., Berrier
et al. 2009; McGee et al. 2009; Balogh & McGee 2010). This is
shown directly in Fig. 3, where we plot the fraction of galaxies with
tbranch < tmain as a function of Mpeak

tot for the three host mass bins in
the hydrodynamical simulations (solid lines; shaded bands indicate
binomial 1σ uncertainties following Cameron 2011 both here and
in subsequent figures) and the corresponding DM-only runs (dotted
lines).

The pre-processed fraction is very high: 87 (73) per cent of
galaxies in massive clusters with Mpeak

tot > 1010 (1012) M�, and
still ≈35 per cent of Milky Way analogues (Mpeak

tot ∼ 1012 M�) in
groups (black) were first a satellite in a sub-group that was later ac-
creted by their main host. This is notably higher than what previous
authors have found for surviving galaxies (only ≈50 per cent even
in massive clusters; e.g., Bahé et al. 2013; Wetzel et al. 2013; Han

8 There is a slight dependence on Mz = 0
200c when only considering more mas-

sive galaxies (Mpeak
tot > 1011.5M�), in the sense that tbranch is ≈1 Gyr later

for low-mass groups than clusters (for clarity not shown in Fig. 2).
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Figure 4. The fraction of all accreted galaxies (including pre-processed
ones) that survive with Mz = 0

tot > 5×108 M�. Different host masses at z = 0
are indicated by different colours. Both the hydrodynamical simulations
(solid lines, shaded bands indicate 1σ binomial uncertainties) and the DM-
only counterparts (dotted lines) predict a survival fraction of ∼50 per cent.
At fixed galaxy mass, survival is slightly more common in more massive
hosts.

et al. 2018). As we show below, this discrepancy arises because
many galaxies do not survive the pre-processing stage.

At Mpeak
tot > 2×1011 M�, the pre-processed fraction in the hy-

drodynamical simulations agrees closely with the DM-only runs.
Only at lower masses is there a small, but consistent, tendency to-
wards slightly higher pre-processing fractions in the hydrodynam-
ical simulations (by < 6 per cent). This could be caused by subtle
differences in the halo finder between the two simulation types, or
reflect a small impact of baryons on the actual accretion paths of
low-mass galaxies.

3 SURVIVAL FRACTIONS OF SATELLITES

We begin by investigating the survival of all galaxies from their
point of first accretion (tbranch). Our fiducial definition of survival
requires that the galaxy is identified by SUBFIND at z = 0 and has a
mass of at least Mz = 0

tot = 5×108 M� (corresponding to≈50 DM or
≈270 baryon particles); the effect of varying this threshold is ex-
plored below. The survival fraction of all galaxies ever accreted is
plotted in Fig. 4 as a function of peak total galaxy mass Mpeak

tot ,
in three halo mass bins. Solid lines represent the hydrodynami-
cal simulations (with shaded bands representing binomial 1σ un-
certainties, as in Fig. 3), while the corresponding fractions from
the DM-only simulations are shown by dotted lines. We have not
matched individual galaxy pairs in the two simulation sets, because
these may follow significantly different orbits due to amplifications
of small differences in the cluster environment (Prins 2018).

The survival fraction is ∼50 per cent, with only a moder-
ate dependence on galaxy or host mass. Perhaps surprisingly, it is
slightly higher in massive clusters than groups (51 vs. 44 per cent
when averaged over all Mpeak

tot > 1010 M�). It is also mildly higher
around Mpeak

tot = 1012 M� than at the highest and lowest galaxy

masses, at least in clusters (up to 67 per cent). Averaged over our
entire sample, 47 per cent of satellites with Mpeak

tot > 1010 M� and
Mz = 0

200c > 1012.5 M� survive at z = 0. In Appendix B1, we demon-
strate that these numbers are insensitive to an increase in mass res-
olution by a factor of eight, at least in low-mass groups and for
Mpeak

tot . 3× 1011 M� (more massive objects are not sampled well
by our high-resolution runs due to their smaller volumes).

A second key feature of Fig. 4 is that the survival fractions in
the hydrodynamical simulations closely follow those in their DM-
only counterparts. There are some minor differences, for example
at Mpeak

tot ∼ 1012 M� in massive clusters – where the inclusion of
baryons increases the survival fraction by a few per cent – and at the
low-mass end (Mpeak

tot . 1011 M�), where the baryonic galaxies are
slightly more susceptible to disruption at fixed Mpeak

tot , possibly as a
consequence of poor resolution (see above). Overall, however, the
effect of baryons on galaxy survival is small: if star formation and
gas stripping separately have non-negligible impact, they happen to
cancel each other almost exactly.

The close agreement between the survival fractions in the hy-
drodynamical and DM-only simulations implies that the former
should not contain many remnants that are (almost) completely de-
void of dark matter and only survive because of their baryon con-
tent. To verify this, we have also computed the survival fractions
above a dark matter mass threshold of 5×108 M� in the hydrody-
namical simulations9, which agree almost exactly with those from
the equivalent threshold in total mass (not shown).

This absence of (almost) purely baryonic remnants appears to
be in tension with semi-analytic models, which typically require
a large fraction of (baryonic) galaxies to survive the disruption of
their dark matter subhalo in the form of ‘orphan’ or ‘type-2’ satel-
lites (e.g., Somerville et al. 2008; Guo et al. 2011; Henriques et al.
2015). In the Guo et al. (2011) model applied to the Millennium-II
simulation, for example – which has almost exactly the same reso-
lution as the Hydrangea DM-only runs – 25 per cent of all satellite
galaxies with Mz = 0

? = 109.5 M� are orphans, and still almost 20
per cent at Mz = 0

? = 1010.5 M�.
The small net influence of baryons is also is at odds with the

recent study of Chua et al. (2017), who found that, in the Illustris
simulation, the inclusion of baryons reduces the survival fraction
by ≈5–20 per cent, at all masses. It is plausible that these differ-
ences reflect different sub-grid physics implementations, so that a
destabilizing effect of gas stripping dominates in Illustris, while it
is approximately cancelled by the cohesive effect of star formation
in Hydrangea10.

3.1 Influence of the detection threshold

3.1.1 Thresholds in total galaxy mass

In Fig. 4, we counted any galaxy as ‘surviving’ that was identified
by SUBFIND at z= 0 and had a total mass of at least 5×108 M�. To

9 This threshold is not fully equivalent to Mz = 0
tot > 5×108 M� in the DM-

only (DMO) version, because the DM particles in the DMO simulations
also account for the mass contributed by baryons and are therefore more
massive, by a factor of (1−Ωb/Ωm)

−1 = 1.19.
10 Note that the absolute survival fractions in the DM-only simulation of
Chua et al. (2017) are significantly higher than in our Fig. 4, because they
do not explicitly include the pre-processing phase. We have verified that
this does not account for the different impact of baryon physics in the two
simulations.
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elucidate the sensitivity of our predictions to this threshold, we plot
in Fig. 5 the survival fractions with a number of other definitions;
for clarity, only the massive cluster bin is shown, but we have veri-
fied that the qualitative conclusions also apply to lower-mass hosts.

The top panel compares the survival fractions at our fiducial
mass threshold of Mz = 0

tot = 5×108 M� (dark blue, identical to the
orange lines in Fig. 4) to both those obtained from considering all
SUBFIND detections at z = 0 as surviving (grey), and two stricter
mass thresholds of Mz = 0

tot = 3× 109 and 1010 M� (medium and
light blue, respectively). As in Fig. 4, we show results from the
hydrodynamical simulations as solid, and from the DM-only runs
as dotted lines. The lower panel shows the survival fractions above
two relative mass thresholds, requiring the galaxy to retain at least
1 per cent (dark red) or at least 10 per cent (light red) of their peak
total mass. Recall that SUBFIND-derived satellite masses may be
biased low, so that these lines should more accurately be interpreted
as representing lower limits on the true surviving fractions.

Compared to our fiducial threshold of Mz=0
tot = 5× 108 M�

(dark blue lines in the top panel), the survival fractions hardly
increase when including all SUBFIND detections (grey), in both
the hydrodynamical and DM-only simulations; only at Mpeak

tot .
1011 M� is there a difference of a few per cent. This indicates
that Mz = 0

tot < 5× 108M� remnants can, in principle, be resolved
by our simulations, but also that they are very uncommon in the
(peak) mass range considered here. This is confirmed in Appendix
B1, where we show that the survival fractions of satellites with
Mpeak

tot & 3× 1010 M� in low-mass groups are unchanged when
the mass resolution is increased, and the mass threshold for sur-
vival lowered, by a factor of eight. The more restrictive thresh-
olds, on the other hand (medium and light blue), remove a suc-
cessively larger fraction of galaxies with Mpeak

tot < 3×1011 M� that
have a remnant in the z = 0 SUBFIND catalogue (69 per cent with
Mz = 0

tot < 1010 M�), indicating a continuous distribution of remnant
masses between a lower limit (& 5×108 M�) and Mpeak

tot . Our fidu-
cial limit of Mz = 0

tot = 5×108 M� is therefore a physically and nu-
merically meaningful definition of galaxy survival in our simula-
tions11. At lower resolution, it may not be possible to identify rem-
nants with Mz = 0

tot . 1010 M�, which could plausibly account for
the higher disruption rates reported by, e.g., Jiang & van den Bosch
(2017).

An alternative criterion to distinguish between surviving and
disrupted galaxies is the fraction of their peak mass retained at
z = 0. As the bottom panel shows, a relative threshold of 1 per cent
of the peak mass (dark red line) agrees to per cent level with the
survival fraction from the entire SUBFIND catalogue in the hydro-
dynamical simulations. This implies a near-total absence of galax-
ies that lose more than 99 per cent of their mass but still survive
as self-bound objects that can be detected at the resolution of our
simulations. This is true even amongst the most massive galaxies
(Mpeak

tot > 1012 M�) for which a remnant with one per cent of its
peak mass would be well above the resolution limit of the simu-
lations. In Paper II, we show that this is because massive galax-
ies predominantly merge with the core of the central group/cluster
galaxy, rather than gradually dispersing into its halo.

In contrast, a significant (but nevertheless minor) fraction of
galaxies – around 10 per cent in the hydrodynamical simulations,

11 A much lower threshold (e.g., 106 M�) would be numerically meaning-
less because our simulations could not possibly resolve such a small rem-
nant. A higher threshold would not do justice to the resolution of our simu-
lations.
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Figure 5. Dependence of satellite survival fractions on the imposed detec-
tion threshold in the hydrodynamical (solid lines) and DM-only simulations
(dotted lines) of massive clusters. Grey lines show the total survival fraction,
i.e., all galaxies detected by SUBFIND at z = 0. In the top panel, the dark,
medium, and light blue lines show, respectively, the fraction of galaxies re-
taining a total mass of at least 5×108, 3×109, and 1010 M�, respectively,
at z = 0. The bottom panel gives the fraction of galaxies that retain at least
1 (dark red) and 10 per cent (light red) of their total peak mass at z = 0.
All thresholds apart from this last one converge in the hydrodynamic sim-
ulations at Mpeak

tot > 3× 1011M�. In contrast, many lower-mass galaxies –
and in the DM-only simulations even some Milky Way analogues – only
survive as low-mass remnants below 1010 M�.

almost independent of mass – are identified by SUBFIND at z = 0
but only retain less than one tenth of their peak mass (the difference
between the light red and grey lines). These galaxies experienced
strong mass loss (plausibly due to tidal stripping), but are neverthe-
less not disrupted completely.

Although the DM-only versions (dotted lines in Fig. 5) yield
broadly the same result as the hydrodynamical simulations dis-
cussed so far, there is an interesting second-order difference, es-
pecially at Mpeak

tot ∼ 1012 M�. In this regime, the DM-only runs do
produce a (small) population of galaxies that survive only as a very
small remnant with mass below 1010 M� or 1 per cent of their peak
mass. This offset is particularly evident in the bottom panel, where
the DM-only trends for both thresholds are almost flat, while they
show a ≈50 per cent variation with Mpeak

tot in the hydrodynamical
simulations. This suggests that baryons do have a non-negligible
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Figure 6. Dependence of the satellite survival fraction on stellar peak mass
(Mpeak

? ) and detection threshold in the hydrodynamical simulations. The
grey line shows the fraction of galaxies at a given Mpeak

? that are detected
by SUBFIND at z = 0, with binomial 1σ uncertainties marked by the shaded
band. Dark and light green (purple) lines show the fraction whose stellar
mass at z = 0 exceeds 108 and 109M� (10 and 50 per cent of Mpeak

? ), re-
spectively. The yellow lines, near the bottom of the plot, give the fraction
of star-dominated survivors (Mpeak

? > 0.5Mtot at z = 0) out of all galax-
ies (solid) and only those surviving with Mz = 0

? > 109 M� (dotted). In the
range plotted, virtually all surviving galaxies retain a resolved stellar rem-
nant within 1 dex of their peak mass, but only a small subset are dominated
by stars.

impact on mass stripping from satellites, but not on whether they
ultimately survive as a (potentially very small) remnant.

3.1.2 Thresholds in stellar mass

In Fig. 6, we test similar thresholds in stellar mass in the hydro-
dynamical simulations, and also classify galaxies by their stellar
peak mass Mpeak

? . In terms of absolute thresholds (green lines), the
result is qualitatively consistent with our findings for total mass:
surviving galaxies with Mpeak

? & 3× 109 M� almost always retain
a significant stellar remnant (Mz = 0

? > 109 M� or > 0.5 Mpeak
? at

z = 0), but many lower-mass galaxies drop12 below a threshold of
109 (and to a lesser extent also 108) M�.

When considering relative thresholds, however (purple lines),
it becomes clear that stellar mass loss from surviving satellites is
considerably less severe than loss of total mass: even at Mpeak

? =
108 M�, only a few per cent are reduced to less than one tenth of
their peak stellar mass (compare the grey and dark purple lines),
and such strong loss hardly occurs at all above 109 M�. Even only
50 per cent stellar mass loss is almost non-existent at the high-
mass end (Mpeak

? > 2×1010 M�) and only affects less than half the
surviving lowest-mass galaxies (compare the grey and light purple
lines). This is consistent with the findings of Bahé et al. (2017a),
who found a median stripped stellar mass fraction from surviving

12 We note that this mass loss includes a contribution from stellar winds, in
addition to stripping of stars through, e.g., tidal forces.

galaxies in groups and low-mass clusters of < 10 per cent, and with
the works of Barber et al. (2016) and van Son et al. (in prep.), who
demonstrate that (massive) galaxies that lost around 90 per cent of
their initial stellar mass are extreme outliers from the relations be-
tween stellar mass and black hole mass or stellar size. In terms of
their stellar mass, satellite galaxy survival is therefore almost bi-
nary: they either retain a large part of it, or they are lost completely.

Also shown in Fig. 6 is the fraction of galaxies that survive
in stellar mass dominated form (i.e., with Mz = 0

? > 0.5Mz = 0
tot ; yel-

low solid line) and the analogous fraction out of only those that
survive with Mz = 0

? > 109M� (yellow dotted line). Both are small,
with only the latter reaching≈10 per cent at Mpeak

? ∼ 3×1010 M�.
Despite the much weaker loss of stellar than total mass, our simu-
lations therefore predict that the vast majority of surviving galax-
ies, at any mass, remain dominated by their non-stellar component.
Qualitatively, this agrees with the conclusions of Dolag et al. (2009)
based on lower-resolution simulations.

To summarise: the Hydrangea simulations predict that baryons
have some impact on the mass loss of satellite galaxies, but are neg-
ligible with respect to their survival. The survival fraction is higher
in more massive haloes – up to 67 per cent for Milky Way ana-
logue galaxies in massive clusters – but still 44 per cent in low-mass
groups. While many low-mass galaxies only survive as a small rem-
nant with Mz = 0

tot < 1010 M� – but often still within a factor of > 0.1
of their peak value in stellar mass – at z = 0, more massive galax-
ies with Mpeak

tot > 3× 1011M� either disrupt completely, or retain
a substantial core with Mz = 0

tot > 1010 M� and Mz = 0
? > 0.5Mpeak

?

at z = 0. Galaxies rarely survive in purely (or even mostly) stellar
form.

4 INFLUENCE OF PRE-PROCESSING, OTHER
SATELLITES, AND ACCRETION TIME

We now investigate different factors contributing to satellite dis-
ruption in more detail. The role of pre-processing (i.e., accretion
onto a sub-group that is later accreted by their final host) is tested
in Section 4.1, and that of satellite–satellite mergers in Section 4.2.
We then show how the survival fraction depends on accretion red-
shift (Section 4.3) and time elapsed since accretion (Section 4.4),
and conclude by investigating the distribution of galaxy disruption
events over cosmic history (Section 4.5).

4.1 Role of pre-processing

4.1.1 Survival fractions of directly accreted and pre-processed
galaxies

In Fig. 7, we repeat the survival analysis from Section 3 (Fig. 4),
but this time we only consider galaxies that were not pre-processed,
i.e., with tmain = tbranch. Different colours represent different host
mass bins, and results from the hydrodynamical (DM-only) simu-
lations are shown as solid (dashed) lines.

It is evident that the survival fraction amongst these ‘directly
accreted’ galaxies is considerably higher than in the total popu-
lation (c.f. Fig. 4): in massive clusters (orange), it reaches ≈85
per cent even at the low-mass galaxy end (Mpeak

tot ∼ 1010 M�), and
peaks above 90 per cent at Mpeak

tot ∼ 3×1011 M�. Even for groups
(black), the survival fraction of directly accreted galaxies exceeds
60 per cent, albeit only at Mpeak

tot < 1011 M�. This contrasts starkly
with the survival fractions for pre-processed galaxies, which are
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Figure 7. Survival fraction of galaxies (Mz = 0
tot > 5× 108 M�) that were

directly accreted onto their final host, in the hydrodynamical (solid lines,
shaded bands indicate binomial 1σ errors) and DM-only simulations (dot-
ted). For comparison, the survival fractions of all galaxies that reach their
main host, and of pre-processed galaxies, are shown as dash-dotted and
dashed lines, respectively; for clarity, we only show these for massive clus-
ters (Mz = 0

200c > 1014.5 M�) in the hydrodynamical simulations. Survival is
more common for galaxies that are not pre-processed.

shown – for clarity only for massive clusters in the hydrodynami-
cal simulations – as dashed lines in Fig. 7 and lie in the range of
≈40–60 per cent. Pre-processing is evidently much more disruptive
than the final host environment, consistent with the trend towards
lower survival fractions in lower-mass (final) haloes.

Similar to the total satellite population, the survival fractions
of directly accreted galaxies agree closely between DM-only and
hydrodynamical simulations. The survival fractions of all galaxies
accreted by their final host is only <≈10 per cent lower than for
their directly accreted subset, as shown for massive clusters by the
orange dash-dotted line in Fig. 4. Even higher is the survival frac-
tion of only those galaxies that were a central immediately prior to
tmain (irrespective of whether they were previously pre-processed,
not shown). As we demonstrate below, this is because most dis-
ruption of pre-processed galaxies occurs outside of their final host
halo.

Massive clusters in particular therefore preserve a near com-
plete ‘fossil record’ of all galaxies with Mpeak

tot > 1010 M� that have
ever orbited within them. Keeping in mind that simulations may
also disrupt satellite galaxies for numerical, rather than physical,
reasons (van den Bosch & Ogiya 2018), the true survival fractions
may, in principle, be even higher than what is shown in Fig. 7.
To test this, we compute in Appendix C the fraction of surviv-
ing remnants that are numerically unreliable according to the crite-
ria of van den Bosch & Ogiya (2018). Amongst massive galaxies
(Mpeak

tot > 3× 1011 M�), numerically unreliable remnants are rare
(.1 per cent) in our simulations, but at Mpeak

tot ∼ 1010 M�, up to one
third of remnants may be unreliable. The survival fractions shown
in Fig. 7, however, are not consistent with significant numerical
disruption of low-mass satellites: e.g., they depend only weakly on
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Figure 8. Merger routes of disrupted pre-processed satellite galaxies as a
function of Mpeak

tot (all three host mass bins combined). The black solid line
shows the fraction that merges with their pre-processing host before infall
into their final halo (tmain). The purple dash-dotted and blue dashed lines
show the fractions that undergo, after tmain, a ‘delayed’ merger with their
pre-processing host, and a merger with their final host, respectively. The
orange dotted line represents mergers with another satellite, almost all of
which occur during pre-processing. Shaded bands give binomial 1σ un-
certainties. The vast majority merge with their pre-processing host, either
before or after reaching the final halo.

galaxy mass. This suggests that numerical disruption of satellites
is not common in our simulations, at least at Mpeak

tot > 1010 M�.

4.1.2 Where are pre-processed galaxies disrupted?

Pre-processed galaxies can be disrupted either in their sub-group
(prior to tmain), or later in their final host. In Fig. 8, we disentan-
gle these two scenarios, for simplicity combining all hosts with
Mz = 0

200c > 1012.5M� into a single bin (we have verified that dif-
ferences between different host masses are small). Different lines
show the fractional contribution of different merger types to the dis-
ruption of pre-processed galaxies. Clearly dominant (≈50–80 per
cent, highest at lowest Mpeak

tot ) are mergers with the pre-processing
host (black solid line), i.e., those that merged prior to tmain with a
galaxy that was previously the disrupted galaxy’s central.

In addition, the next most common disruption route is also due
to the pre-processing host, but only after it became itself a satellite
of the (final) host halo (purple dash-dotted line). Although these
are technically mergers between two satellites in the final halo, it
is more appropriate to consider them as a case of ‘delayed pre-
processing’, since the infalling subgroup may retain its physical
identity for some time after having been subsumed into its host.
Including these, pre-processing hosts account for >≈70 per cent of
all disruption of pre-processed galaxies, at all masses we probe.
The remaining galaxies merge with their final host (< 10 per cent
at Mpeak

tot < 1012 M�, dashed blue line) or, even less commonly, with
another unrelated satellite (orange dotted line), mostly during pre-
processing. This is consistent with the recent study of Han et al.
(2018), who inferred from a different set of simulations that pre-
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Figure 9. The fraction of all satellite disruption that is due to pre-processing
(including delayed mergers), in the hydrodynamical simulations (solid
lines) and their DM-only counterparts (dotted). Different host masses are
represented by different colours (see the colour bar on the right). Pre-
processing is by far the dominant cause of disruption in cluster galaxies
with Mpeak

tot < 1012 M�, but it becomes much less relevant for more massive
galaxies and those in lower-mass hosts.

processing has a decisive impact on mass stripping from infalling
galaxies, in particular when the mass ratio between galaxy and pre-
processing host is low.

4.1.3 The contribution of pre-processing to galaxy disruption

To conclude our investigation of pre-processing, we show in Fig. 9
the fraction of all satellite disruption that is due to pre-processing
(including delayed mergers and mergers with other satellites prior
to tmain), as a function of Mpeak

tot and Mz = 0
200c . The combination of

a higher pre-processed fraction at lower Mpeak
tot and higher Mz = 0

200c
(Fig. 3), and their much lower survival fraction compared to di-
rectly accreted galaxies (Fig. 7) implies that the vast majority,
≈80–90 per cent, of all disruption at Mpeak

tot < 1012 M� in mas-
sive clusters is the result of pre-processing. The fraction decreases
somewhat towards higher masses, but pre-processing still accounts
for ≈70 per cent of all disruption even at Mpeak

tot = 1013 M�. In
lower-mass haloes, pre-processing is overall much less important,
and only accounts for≈20 per cent of the disruption of Milky Way
analogues in groups.

The DM-only simulations broadly agree with the hydrody-
namical runs, but generally predict a slightly lower fraction of dis-
ruption that is due to pre-processing (by <≈5 per cent) and a slightly
smoother transition from the flat part at low Mpeak

tot to the decline at
high mass (especially in clusters). This suggests that baryons have
a (small) disruptive effect in situations where the mass contrast be-
tween the satellite and host is not too large; we investigate this fur-
ther in Paper II.

To summarize, we have found that pre-processing plays a
crucial role in disrupting galaxies, particularly in clusters where
it accounts for the vast majority of all disruption (≈90 per cent
at Mpeak

tot ∼ 1012 M� and Mz = 0
200c > 1014.5 M�). Galaxies accreted
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Figure 10. The fraction of non-surviving directly accreted satellites that
are disrupted by mergers with other satellites. Hydrodynamical simulations
are represented by solid lines (with shaded bands indicating binomial 1σ

uncertainties), DM-only runs by dotted lines. For clarity, the y-axis range
is reduced compared to the other plots. Satellite–satellite mergers are very
uncommon (particularly in massive clusters): only at the highest masses
(Mpeak

tot & 1012 M�) do they account for ≈10 per cent of disruption events.

directly onto their final host survive to >≈85 per cent in massive
clusters, and still ≈80 per cent in lower-mass clusters at Mpeak

tot 6
3× 1011 M�. Pre-processing disruption mostly involves mergers
with the central galaxy of the subgroup. The lowest-mass haloes are
therefore the most efficient in disrupting satellites at fixed Mpeak

tot ,
plausibly as a consequence of dynamical friction, while massive
galaxy clusters should preserve a near-complete record of all galax-
ies (at least with Mpeak

tot > 1010 M�) that they have ever accreted.

4.2 Role of satellite–satellite mergers

We had noted above that satellite–satellite mergers are rather un-
common for pre-processed galaxies. Their role in the (final) host
haloes themselves is explored in Fig. 10, where we show the frac-
tion of all disruption events amongst directly accreted galaxies
(tbranch = tmain) that are due to mergers with other satellite galax-
ies. We exclude cases where this other satellite was previously the
galaxy’s central (due to central–satellite swaps, which is only rele-
vant for massive galaxies in groups).

The key feature is that satellite–satellite mergers in massive
haloes are extremely rare; note that the y-axis range is reduced to
[0, 0.1] in order to highlight any deviations from zero at all. At
Mpeak

tot < 1012 M�, they account for less than one per cent of dis-
ruption events in massive clusters, and still <≈3 per cent in groups.
Only amongst the most massive galaxies are they slightly more rel-
evant, with fractions of up to 10 per cent in low-mass clusters at
Mpeak

tot ≈ 1013 M�. What disruption occurs in massive haloes (see
above) is therefore almost exclusively due to mergers with the cen-
tral galaxy (including dispersal into its halo, as we test in Paper II).
We note that interactions between satellites may nevertheless con-
tribute significantly to their mass loss and ultimate dispersal (see,
e.g., Moore et al. 1996; Marasco et al. 2016). At all galaxy and
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host masses that we consider, the predictions from hydrodynamical
and DM-only simulations agree to within the statistical uncertain-
ties, which rules out a significant impact of baryon physics on this
merger channel.

4.3 Evolution of surviving fraction with accretion time

We now examine the influence of accretion time on galaxy sur-
vival. For ease of interpretation, we focus here on directly accreted
galaxies. In Fig. 11, galaxies are split into three host mass bins
(three different panels, Mz = 0

200c increasing from left to right) and six
bins in galaxy peak mass Mpeak

tot (different coloured lines, increas-
ing from purple to green). Each line traces the fraction of galaxies
that survive (with Mz = 0

tot > 5× 108 M�) as a function of accretion
time (tacc), or equivalently redshift (zacc). For clarity, only the hy-
drodynamical simulations are shown, but we have verified that the
DM-only runs give very similar results.

The dominant trend of all lines in Fig. 11 is that galaxies that
were accreted later are more likely to survive to z = 0, in agree-
ment with previous work (e.g., De Lucia et al. 2004; Gao et al.
2004). At zacc ≈ 0 the survival fraction approaches unity, as should
be expected. The few per cent of galaxies that were accreted very
early, on the other hand (zacc >≈ 4, see Fig. 2), almost never survive
to z = 0.

Within each bin of host and galaxy mass (individual lines in
Fig. 11), the survival fraction always transitions quite rapidly from
∼0 to ∼1, over a period of typically only a few Gyr. The accre-
tion time (measured from the Big Bang) at which the survival frac-
tion reaches 50 per cent (ttrans) depends in general on both Mpeak

tot
and Mz = 0

200c . In low-mass groups (left-hand panel), ttrans ≈ 2.5 Gyr
(z ≈ 2) for the lowest-mass galaxies (purple) and then increases
fairly gradually to ttrans ≈ 7.5 Gyr (z ≈ 0.6) at Mpeak

tot > 1012.5 M�
(yellow-green). While the lowest-mass galaxies therefore already
survive to 90 per cent at zacc = 1.3, those with the highest masses
only reach this point at zacc = 0.3.

The dependence of ttrans on galaxy mass is noticeably less
strong in more massive hosts. In low-mass clusters (Mz = 0

200c ∼
1014 M�; middle panel of Fig. 11) the lowest-mass galaxies fol-
low almost exactly the same trend as in groups, but not until
Mpeak

tot = 1012 M� is there a noticeable shift towards later ttrans.
Consequently, even the most massive galaxies reach 50 (90) per
cent survival already at zacc = 0.9 (zacc = 0.6).

In massive clusters (right-hand panel), any differences with
Mpeak

tot are very small, but there is a slight shift towards even ear-
lier ttrans with increasing galaxy mass, at least for those bins where
our simulations contain enough galaxies to identify ttrans. This shift
may reflect the enhanced ability of more massive galaxies to with-
stand tidal stripping, while their mass is still so far below that of
the host cluster that, e.g., dynamical friction does not cause accel-
erated disruption in the same way as in lower-mass hosts. Milky
Way analogues (Mpeak

tot ∼ 1012 M�) therefore reach 90 per cent sur-
vival already at zacc = 2.0 and 96 per cent of all galaxies with
Mpeak

tot > 1010 M� and zacc < 2 survive at z = 0. The small frac-
tion of galaxies that are disrupted in massive clusters are therefore
predominantly those that were accreted the earliest.

4.4 From accretion to disruption: rapid, delayed, or
continuous?

A natural question to ask is whether the relatively rapid transi-
tion from disruption- to survival-dominated accretion redshifts is
indicative of a long, mass-dependent delay between accretion and
disruption. In other words, galaxies accreted just after ttrans may
survive at z = 0 because they have (just) not been a satellite for
long enough, while those accreted just before could have been dis-
rupted very recently. We now demonstrate that such a delay time
argument cannot be invoked as the reason for the lower survival
fraction of early-accreted galaxies.

For this purpose, Fig. 12 shows the survival fraction of galax-
ies as a function of cosmic time t, i.e., the fraction with Mtot(t) >
5× 108 M�, . We select galaxies that were not pre-processed in
four bins of ∆tacc = 500 Myr, with centres indicated by the vertical
dotted lines. For clarity, we focus on only one bin in galaxy mass
(Mpeak

tot = 1011.5–1012.0 M�) and host mass (low-mass clusters) in
the hydrodynamical simulations. For each bin in accretion time, the
correspondingly coloured solid line shows the fraction of galaxies
still alive at time t, and the bands the corresponding 1σ binomial
uncertainties.

It is immediately evident that there is no universally long
delay between accretion and disruption, particularly at high zacc
(black/indigo). The disruption rate (i.e., the line slope) is greatest
within the first few Gyr after accretion and then flattens off. In the
earliest accretion bin (zacc > 4; black), all galaxies are disrupted
within 3 Gyr of accretion, while a successively higher fraction of
later-accreted galaxies survive at least this long. At t > tacc+3Gyr,
the survival fraction decays approximately exponentially with t.
The best fits are given by the dashed lines, with a systematically
increasing half-life time τ1/2 for lower zacc. At zacc < 2, τ1/2 ex-
ceeds (significantly) the available time until z = 0, which naturally
explains why most of these galaxies survive until today.

The strong dependence of the survival fraction on accretion
redshift (Fig. 11) is therefore the result of the disruption efficiency
decreasing (strongly) with time. It is conceivable that this reflects
the lower host halo masses at higher zacc, but we have verified
that our results are not markedly changed when galaxies are in-
stead binned by their host mass at accretion, as long as it re-
mains13 &1 dex above Mpeak

tot . Instead, the fact that the half-life
times shown in Fig. 12 scale with accretion redshift approximately
as (1+ zacc)

−3/2 – the expected scaling of the dynamical time with
redshift (McGee et al. 2014) – suggests that the low survival frac-
tion of early-accreted galaxies is due to different orbital conditions
imprinted at accretion. In Paper II, we show that early-accreted
galaxies lose mass more rapidly because they have (much) shorter
orbital periods, while massive galaxies are more strongly dragged
towards the host centre at high zacc and can therefore merge more
efficiently with the (growing) central cluster galaxy.

4.5 Galaxy disruption times

We have so far only distinguished galaxies by their accretion times,
but a related question of interest – particularly for connection with
observational work – is when galaxies actually disrupt. This is
shown in Fig. 13, which gives the cumulative fraction of (non-
surviving) galaxies that were disrupted (i.e., fell below our mass

13 In other words, excluding situations better described as minor or major
galaxy mergers, rather than accretion of satellites.
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Figure 11. The fraction of non-pre-processed galaxies accreted at a given redshift (zacc) that survive to z= 0 (with Mz = 0
tot > 5×108 M�), in the hydrodynamical

simulations. Only bins with at least ten galaxies are shown, which is why not all lines extend to the earliest accretion times. Different panels show different
host mass ranges, as indicated in the bottom-right corners. In all three panels, the survival fraction of low-mass galaxies approaches unity for galaxies accreted
at zacc . 1, and then drops rapidly towards earlier accretion times. More massive galaxies, and those in less massive groups, are still disrupted at lower zacc.
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Figure 12. Connection between accretion and disruption time for one bin in
galaxy and host mass (see bottom-left corner) in the hydrodynamical simu-
lations. We select galaxies that were accreted within 4 intervals of ∆t = 500
Myr, centered on the times indicated by vertical dotted lines, and show
their survival fraction (above a total mass threshold of 5× 108 M�) as a
function of time. Thin dashed lines represent the best-fit late-time exponen-
tial decay model, with corresponding half-life time τ1/2 as indicated on the
right. The earliest-accreted galaxies have all disrupted rapidly after accre-
tion. Later generations show a progressively shallower decline in survival
fraction, with τ1/2� tHubble at zacc < 2.

threshold of 5× 108 M�) prior to a given time tdisrupt. The three
bins in host mass are represented by differently coloured lines; two
bins in galaxy mass are distinguished by different line styles. As in
Fig. 2, all times are offset by a random value of up to ±250 Myr to
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Figure 13. Distribution of galaxy disruption times. Shown is the fraction of
(ultimately disrupted) galaxies that fall below the survival threshold of 5×
108 M� prior to time tdisrupt, in two bins of peak galaxy mass (different line
styles) and three host mass bins (different colours). No selection is made
with regards to pre-processing. Disruption was most prevalent at redshift
z ≈ 1–3, but with a broad tail extending to z = 0. Massive galaxies were
disrupted later, but the influence of host mass is small.

suppress artificial discreteness due to the limited number of snap-
shots.

The distribution is qualitatively similar to that of the branch
accretion times shown in the top panel of Fig. 2, consistent with
the picture that most galaxies are disrupted during pre-processing,
soon after first accretion. In line with their lower accretion redshifts,
more massive galaxies (solid lines) are disrupted slightly later, with
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median disruption redshifts of z= 2 and≈1 for Mpeak
tot = 1010–1011

and 1011.5–1012.5M�, respectively. The lower-mass bin shows no
dependence of tdisrupt on Mz = 0

200c at all, but there is a slight ten-
dency towards later disruption in groups than clusters for more
massive galaxies (by <≈2 Gyr), consistent with the equivalent trends
in tbranch. Due to the typically long delay between accretion and
disruption for most galaxies accreted at intermediate and low red-
shifts (Fig. 12), disruption is still prevalent in the low-redshift Uni-
verse, in particular amongst massive galaxies (Mpeak

tot ∼ 1012 M�),
for which >≈10 per cent of all disruption events occur at z < 0.3.

5 BIASES BETWEEN SURVIVING AND DISRUPTED
GALAXIES

For the final part of our analysis we test whether there are any dif-
ferences in pre-infall properties between galaxies that are disrupted
and those that survive, at fixed (total) Mpeak

tot . Such differences could
cause subtle biases between (surviving) cluster and field galaxies
without any actual galaxy transformation process. To pre-empt the
answer, we did not find any strong differences of this kind in terms
of either the baryonic or dark matter properties of galaxies – at
least those accreted around z≈ 2 – and can therefore rule out such
‘differential disruption’ as a significant contributor to the observed
differences between field and cluster galaxies in the local Universe.

A complication in comparing the pre-infall properties of dis-
rupted and surviving galaxies is that, as we have found above
(Fig. 11), disrupted galaxies were preferentially accreted earlier
than survivors. Because the relations of, e.g., stellar mass and star
formation rate with halo mass evolve with redshift (see, e.g., Fur-
long et al. 2015 and references therein), a comparison between all
disrupted and surviving galaxies would show strong differences
that are purely the result of this redshift bias. A meaningful com-
parison is therefore only possible between galaxies with similar ac-
cretion redshift zacc and furthermore – due to the finite number of
galaxies in our simulation – only around the zacc where the survival
and disruption fractions are comparable (i.e., zacc ≈ 2).

In the top panel of Fig. 14, we show the gas mass (green),
star formation rate (blue), and stellar mass (purple) in the snapshot
before the main accretion time for disrupted galaxies that were di-
rectly accreted between zacc = 1.5 and 2.5. The DM half-mass ra-
dius (black), stellar half-mass radius (red), and maximum circular
velocity (orange) are compared in the bottom panel. All values are
normalised to their analogues for surviving galaxies: we compute
the median and 1σ uncertainty for disrupted and surviving galaxies
as a function of Mpeak

tot and then plot their logarithmic ratio. The 1σ

errors shown as shaded bands are here computed as the difference
between the median and the 16th/84th percentiles, divided by

√
N

where N is the number of galaxies per bin. Note that for SFR and
Mgas, the 16th percentile is equal to zero in the lowest-mass bin,
so that we cannot compute a meaningful (logarithmic) lower error
boundary.

The key feature of Fig. 14 is the absence of any clear, strong
differences between disrupted and surviving galaxies. There is a
mildly significant negative bias in stellar mass, i.e., in the sense
that disrupted galaxies contained less stellar mass prior to accre-
tion than equally-massive surviving galaxies, but only by <≈ 0.1 dex.
Similarly, there is a mild positive bias in gas mass, at least for low-
mass galaxies (Mpeak

tot < 1011M�). This is consistent with a picture
in which there are (small) individual effects of gas stripping (e.g.,
Saro et al. 2008) and (past) star formation (e.g., Weinberg et al.
2008), which largely cancel each other on average.
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Figure 14. Top panel: bias of disrupted galaxies in baryonic properties
prior to accretion, compared to surviving galaxies (at a mass threshold of
5× 108 M� for survival). Stellar mass is shown in purple, star formation
rate in blue, and gas mass in green. Only galaxies directly falling into their
final host between z = 2.5 and 1.5 are shown to avoid indirect biases due
to different accretion times. Only bins with at least ten surviving and dis-
rupted galaxies are shown. At fixed Mpeak

tot , disrupted galaxies had slightly
higher gas mass, and slightly lower stellar mass, than surviving galaxies.
Bottom panel: the same for DM half-mass radius (black), stellar half-mass
radius (red), and maximum circular velocity (orange). Out of these, only the
stellar half-mass radius shows a significant (but relatively small) difference
between disrupted and surviving galaxies.

The pre-accretion stellar half-mass radius of disrupted low-
mass galaxies (Mpeak

tot . 3× 1011M�) is marginally (but signifi-
cantly) larger than for surviving galaxies, consistent with the ex-
pectation that less compact galaxies are more susceptible to tidal
stripping. Interestingly, our simulations predict the opposite trend
for more massive galaxies, where disrupted galaxies were, on av-
erage, slightly more compact prior to accretion. This is further evi-
dence for two different disruption channels for low- and high mass
galaxies, as we discuss in Paper II. No consistent and significant
difference is seen for SFR, DM half-mass radius (rDM

1/2 ), or maxi-
mum circular velocity (vmax).

The key implication is that whether a galaxy survives or not
depends at best weakly on its internal properties. This fits in with
our earlier conclusion that the survival fraction is similar between
DM-only and hydrodynamical simulations, and does not depend
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strongly on galaxy mass. The almost an order of magnitude higher
stellar mass fractions of (surviving) satellites in clusters (Bahé et al.
2017b), in particular those accreted early (Armitage et al. 2018),
are therefore predominantly a consequence of dark matter being
stripped more efficiently than stars from satellite galaxies (see Sec-
tion 3.1), rather than star formation enhancing the likelihood of
survival. We caution, however, that we could only do this test for
galaxies in a relatively narrow and high range of accretion redshifts.
A significantly larger cluster sample would be required to check
whether the same conclusion holds for galaxies that were accreted
later.

Finally, we note that we have also considered the equiva-
lent biases for pre-processed galaxies (with quantities calculated
at tbranch, not shown). Most features are qualitatively consistent
with Fig. 14, but there appears to be a stronger negative bias in
stellar mass (approximately -0.15 dex), and a small but significant
negative bias in rDM

1/2 (approximately -0.06 dex) for disrupted pre-
processed galaxies. This may, however, simply be a manifestation
of indirect bias due to large-scale environmental influence of the
host14. Again, we would require a larger simulation volume to con-
trol for this indirect effect and test whether internal galaxy proper-
ties are causally connected to survival in the pre-processing phase.

6 SUMMARY AND DISCUSSION

We have investigated the disruption of galaxies in groups and
clusters with the aid of the Hydrangea simulations, a suite of
cosmological, hydrodynamical/N-body zoom-in simulations of 24
galaxy clusters and their large-scale environments. From the evo-
lutionary histories of individual simulated galaxies with a peak
(i.e., maximum past) total (baryons plus dark matter) mass of
Mpeak

tot > 1010 M� – corresponding to a peak stellar mass Mpeak
? &

5×107 M� – that we have computed with an updated tracing pro-
cedure, we have searched for galaxies that were accreted by a
group/cluster in the past and identified those as ‘surviving’ that still
correspond to distinct subhaloes with total mass above 5×108 M�
at z = 0. Our main conclusions may be summarised as follows:

(i) Averaged over the entire history of the Universe, our sim-
ulations predict that 47 per cent of all satellite galaxies with peak
total mass Mpeak

tot > 1010 M� that were accreted onto groups or clus-
ters (Mz = 0

200c > 1012.5 M�) survive to the present day. The survival
fraction increases somewhat with host halo mass and is rather in-
sensitive to galaxy mass. The fraction is highest (67 per cent) for
galaxies with Mpeak

tot ∼ 1012 M� in massive clusters, and differs only
marginally (<≈5 per cent) between simulations with and without
baryons (Fig. 4).

(ii) Many surviving galaxies have lost a large fraction of their
Mpeak

tot by z = 0, and may therefore not be counted as surviving
with higher mass thresholds and/or in lower-resolution simulations.
However, hardly any galaxies in the hydrodynamical simulations
survive with less than 1 per cent of their Mpeak

tot , even where such a
remnant would be well resolved (Fig. 5). Hence, once a galaxy hast

14 Galaxies whose pre-processing begins closer to their final host have
a higher chance of survival (due to the shorter time before their pre-
processing host is itself accreted) and are more strongly affected by large-
scale environmental influence of their final host. Directly accreted galaxies
are not subject to this bias, because their hosts affected all of them approx-
imately equally at the point of accretion.

lost� 90 per cent of its peak total mass, its chance of survival is
very small.

(iii) Stellar mass loss from surviving galaxies is less severe than
total mass loss. Even at very low peak stellar masses (Mpeak

? ∼
108 M�) and including mass loss from stellar evolution, only a few
per cent of galaxies survive with less than one tenth of their peak
stellar mass. At Mpeak

? > 1010 M�, even 50 per cent stellar mass
loss is rare. In terms of stellar mass, survival is therefore almost
binary: either a significant fraction is retained, or the galaxy is lost
completely. Nevertheless, only <≈10 per cent of surviving galaxies
are stellar-mass dominated at z = 0, even at the most favourable
Mpeak

? ≈ 2×1010 M� (Fig. 6).
(iv) Most galaxy disruption in clusters, and at 1010 M� 6

Mpeak
tot < 1011 M� also in groups, occurs during pre-processing. At

Mpeak
tot ∼ 1012 M�, 90 per cent of all disrupted galaxies in massive

clusters (Mz = 0
200c > 1014.5 M�) were pre-processed (Figs. 8 and 9).

The survival fraction of galaxies that were directly accreted by their
final host is as high as≈90 per cent (at Mpeak

tot = 1011.5M� in a mas-
sive cluster), with only per cent level variations between hydrody-
namical and DM-only simulations (Fig. 7). The most massive host
haloes are therefore the least efficient in disrupting satellites of a
given mass, and vice versa.

(v) The survival fraction of satellite galaxies depends strongly
and non-linearly on their accretion redshift (zacc). In massive clus-
ters, and at Mpeak

tot < 1011 M� even in low-mass groups, >≈95 per
cent of non-pre-processed galaxies with zacc 6 1 survive to z = 0.
Towards higher zacc, the survival fraction drops steeply and univer-
sally becomes negligible for zacc >≈ 4. Below the scale of massive
clusters (Mz = 0

200c < 1014.5M�), this transition from low (< 10 per
cent) to high (> 90 per cent) survival fractions occurs at lower zacc

for galaxies with higher Mpeak
tot and those in lower-mass hosts: at

fixed zacc and Mz = 0
200c , the lowest-mass galaxies are therefore the

most likely to survive (Fig. 11). This redshift dependence is the
result of a strong evolution in the disruption efficiency with zacc,
rather than reflecting a uniformly long delay time between accre-
tion and disruption (Fig. 12).

(vi) The disruption of galaxies continues until z = 0. Half of
all non-surviving galaxies with Mpeak

tot ∼ 1012 M� are disrupted af-
ter z = 1 (including during pre-processing); for clusters (Mz = 0

200c >

1013.5 M�), ten per cent of these disruption events occur after
z = 0.3 (Fig. 13).

(vii) The survival of galaxies is not strongly correlated with their
internal properties before accretion, at least for those accreted in
the interval 1.5 6 zacc 6 2.5. Compared to survivors with the same
Mpeak

tot , disrupted galaxies contained only slightly more gas (<≈0.2
dex) and slightly less stellar mass (<≈0.1 dex). Stellar half-mass
radii show a slight, mass-dependent bias between disrupted and
surviving galaxies; star formation rate, maximum circular velocity,
and dark matter half-mass radius display no significant offsets. The
observed differences between cluster and field galaxies at z≈ 0 are
therefore unlikely the result of biased survival amongst the former
(Fig. 14).

According to these findings, the disruption of satellite galaxies
is not a ubiquitous feature of cosmological galaxy cluster simula-
tions, at least not at Mpeak

tot > 1010 M� and at the relatively high
mass resolution of Hydrangea (∼106 and 107 M� for baryons and
DM, respectively). In contrast to recent predictions from idealised
N-body experiments (van den Bosch & Ogiya 2018), galaxies with
the lowest (peak) mass are in fact the most likely ones to survive
to z = 0 at any zacc and Mz = 0

200c (with the possible exception of
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the most massive clusters, where galaxies of all masses we have
considered display a similarly high survival fraction). The mass
range that we have probed extends well below the scale at which
baryonic properties of galaxies become affected by poor resolution
(Mpeak

tot ∼ 1011M�; Schaye et al. 2015). This suggests that artificial
disruption of satellites is not a major roadblock for cosmological
hydrodynamical simulations.

Although massive galaxy clusters give rise to strong tidal and
ram pressure forces, our simulations predict that this is in fact the
environment in which the smallest fraction of satellite galaxies
are destroyed. Instead, they should contain a near-complete ‘fossil
record’ of all galaxies that have ever orbited within them, whereas
≈1/3 of satellites in low-mass groups are disrupted before z = 0.
Despite their rarity, massive clusters therefore constitute a valuable
laboratory to study the effect of environmentally-induced galaxy
transformations over time. These findings are consistent with the
observational detection of an upturn in the satellite luminosity func-
tion at the faint end in clusters (e.g. Lan et al. 2016), which suggests
that low-mass satellites are indeed able to survive and accumulate
in massive haloes.

There are two regimes where our simulations do predict a
significant fraction of satellites to be disrupted: pre-processing in
lower-mass groups, which then later assemble into a more mas-
sive group or cluster, and satellites accreted at high redshift, where
disruption was evidently much more widespread, and more swift,
than in the present-day Universe. This agrees with the observa-
tional evidence for widespread (dwarf) galaxy disruption during the
early stages of cluster formation (López-Cruz et al. 1997). We de-
fer further exploration of these trends to a follow-up paper, where
we show that they are the consequence of enhanced mergers be-
tween satellite and central galaxies, and a strong evolution of the
orbital timescale of galaxies, with increasing zacc (see also Han
et al. 2018). Both effects highlight the impact of the cosmologi-
cal environment of groups and clusters on the predicted evolution
of their member galaxies.

Our simulations suggest that the role of baryons in determin-
ing the survival of satellite galaxies – but not the degree of stripping
they experience – is small, which is important in two ways. Firstly,
it rules out ‘biased survival’ as a significant contributor to the en-
vironmental differences that are observed in the local Universe: in
principle, e.g., the relative overabundance of red, quenched galax-
ies could also have stemmed from a preferential disruption of their
blue, star-forming cousins. Our findings therefore corroborate the
hypothesis that these differences are the result of individual galax-
ies being transformed by their environment, through processes such
as ram-pressure stripping, strangulation, or tidal stripping. Sec-
ondly, the small impact of baryons implies that pure N-body sim-
ulations can, at least in principle, predict the survival of galaxies
with reasonable accuracy.

We finally emphasize that negligible total disruption of satel-
lites in massive clusters, as predicted by our study, is not incompat-
ible with (significant) mass loss from surviving satellites. Indeed,
we have shown that many low-mass galaxies only survive as small
remnants with total (but typically not stellar) mass well below their
peak values. In future work, we will investigate in more detail how
this mass loss is connected to the build-up and growth of central
group and cluster galaxies, and of their extended dark matter and
stellar haloes.
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APPENDIX A: THE SPIDERWEB TRACING
ALGORITHM

In this Appendix, we provide a detailed description of the SPI-
DERWEB algorithm that we have used to trace simulated galax-
ies through time, a significantly updated version of the procedure
described in Bahé & McCarthy (2015) and Bahé et al. (2017b).
The fundamental assumption is that simulated galaxies are phys-
ical structures that persist through time and are therefore, in gen-
eral, present in multiple snapshots. In each snapshot, an (identi-
fied) galaxy corresponds to exactly one subhalo in the SUBFIND

catalogue. Tracing galaxies through time therefore equates to iden-
tifying those subhaloes in successive snapshots that represent the
same galaxy (see Fig. A1 for a schematic illustration).

A1 Extraction of links from subhalo catalogues

We make use of the Lagrangian nature of the Hydrangea simula-
tions, which allows us to identify the same particle in successive
snapshots i and j. Any subhaloes in i and j that have particles in
common may, in principle, represent the same galaxy. We therefore
begin by extracting all such ‘links’ (i.e., particle overlaps) between
subhaloes in i and j, including particles of all types (not just dark
matter).

Intuitively, it may be more natural to only consider one link
per subhalo in i (as is done in the schemes of, e.g., Rodriguez-
Gomez et al. 2015 and Qu et al. 2017). However, our more gen-
eral choice is justified in the regime of groups and clusters, where
galaxies may not only grow, but also lose mass through tidal and/or
hydrodynamic stripping. As illustrated in Fig. A1 (galaxy 3 be-
tween S2 and S3), this can lead to the majority of particles from
one galaxy being transferred to another (e.g., the central cluster
galaxy), and so would require predicting which particles are least
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Figure A1. Example tracing situation with 14 subhaloes (circles with in-
scribed number representing their arbitrary ID and size indicating their
mass) in 4 snapshots S0–S3 (different columns). Lines represent links,
i.e., particle overlaps between subhaloes, whose width scales with link par-
ticle number (for simplicity assuming that all particles have equal mass).
Green lines represent links that connect successive subhaloes of the same
galaxy. The first subhalo of each galaxy is shaded blue, with a number to the
left indicating the (arbitrary) galaxy ID. Purple circles indicate the last sub-
halo of a galaxy about to disrupt/merge, with the corresponding purple link
pointing to the galaxy’s carrier in the next snapshot. Black lines represent
exchange links between galaxies.

likely to be transferred. Our approach is, instead, to test whether
the main link (with the largest particle overlap, see below) leads to
a viable descendant, and consider alternative links if this is not the
case. In this way, we aim to trace individual galaxies for as long as
possible.

Nevertheless, we also give special consideration to a small set
of ‘core’ particles in each subhalo, defined as the 5 per cent most
bound collisionless particles (i.e., excluding gas), limited to a max-
imum number of 105. We have found that this is necessary to cor-
rectly trace galaxies in situations where a large fraction of particles
are transferred from one galaxy to another as a result of a swap in
the central/satellite classification between the two15. As illustrated
in the top panel of Fig. A2, this could lead to a transfer of galaxy ID
from one object to the other (i1→ j0), leaving one subhalo without
descendant (i0) and one without progenitor ( j1). Under the plausi-
ble assumption that the core particles are least likely to be affected
by such an artificial particle transfer, they represent a robust tracer
for their galaxy (yellow lines in Fig. A2) and can therefore distin-
guish this case from a similar situation in which two galaxies merge
(bottom panel of Fig. A2).

Although this reasoning would suggest that the core should
be as small as possible – ideally containing only the few most-
bound particles – there are two arguments against a very small core.
Firstly, small regions of a galaxy, such as a spiral arm or a central
clump near a massive black hole, can occasionally become self-
bound and dense enough that they appear as a separate entry in the

15 Due to the way in which SUBFIND associates particles to satellite galax-
ies, there can be a large population of ‘ambiguous’ particles that are prefer-
entially assigned to the central, and therefore change subhalo membership
if the central/satellite classification is swapped.
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Figure A2. Identification of mass transfer by considering subhalo cores.
Black circles represent two subhaloes each in two successive snapshots i
and j. The total particle overlap between them, as indicated by the width
of the connecting black lines, is identical in the top and bottom configura-
tions and could be interpreted as either mass transfer or a merger. The small
yellow circle in subhalo i1 represents its most bound ‘core’ particles. As
indicated by the yellow lines, these transfer differently in the two scenarios:
under mass transfer (top), they remain mostly within their own galaxy and
end up in j1 (as indicated by the faint yellow circles in the j subhaloes), but
in a merger they end up (mostly) in subhalo j0.

subhalo catalogue. With a very small core, there is a risk that the
majority of core particles become members of such a spurious sub-
halo, which would then be (wrongly) identified as the descendant.
Secondly, we have found that within the most bound few per cent of
particles the ordering in terms of binding energy fluctuates notice-
ably between snapshots. In other words, only a small fraction of,
e.g., the 0.01 per cent most bound particles in i are also the 0.01 per
cent most bound in j, whereas at a threshold of ≈1–5 per cent, this
fraction approaches unity. We have found that our choice of core
fraction, a compromise between these competing constraints, pro-
duces stable tracing results across the full range of subhalo masses
encountered in our simulations.

For each link, we record the subhalo to which it is connected
in i (which we call its ‘sender’) and in j (its ‘receiver’), as well as
its total number of particles (N), their total mass (M), and number
of particles that form the core of its sender (Ncore, which may be
zero). This information is then used in the following steps to deduce
which links connect the same galaxy between snapshots, and which
represent interactions between two different galaxies. We note that
there are typically only slightly more links than subhaloes (within
∼50 per cent).

A2 Compensation of prior mass exchanges

In the simplest scenario, each subhalo in j would receive only one
link, in which case it could be unambiguously identified as repre-
senting the same galaxy as that link’s sender in i. In reality, how-
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Figure A3. Accounting for prior mass exchanges between interacting
galaxies. Subhalo j1 (red) may be the descendant of either i0 (galaxy 0)
or i1 (galaxy 1). Prior to the snapshot interval i– j, these galaxies have al-
ready exchanged mass (turquoise link h1–i0). These particles may continue
along either of the two curved dashed turquoise lines, i.e., to j0 or j1, but
only the latter case is relevant in determining the progenitor of j1. As de-
scribed in the text, the fraction following this path is estimated from the
three link masses indicated as mx, mself, and mLL. Lines with arrowheads
represent connections following the same galaxy.

ever, there will frequently be situations where a subhalo in j re-
ceives several links, because it amalgamates matter from several
subhaloes in i (as a result of mergers or mass exchange). In this
situation, illustrated in Fig. A3, it is less obvious to decide which
link to select as the one leading back to the progenitor of the target
galaxy ( j1, highlighted in red).

Physically, it is desirable to rank candidate progenitors in or-
der of the mass that they contribute to the target galaxy in j. A com-
plication with this approach is that galaxies may exchange mass –
both physically and numerically – over an extended period of time.
Neither the total subhalo masses in i, nor the mass of their links to
the target in j, may therefore be a fair proxy of what fraction of the
target galaxy is actually contributed by each progenitor candidate.
A common way to correct for this, first suggested by De Lucia &
Blaizot (2007), is to rank the candidate progenitors by their ‘branch
mass’, i.e., the total mass of their progenitors in all previous snap-
shots.

Here, we follow a different strategy, exploiting the fact that
the link network provides us with a complete record of all galaxy
interactions prior to snapshot i. We can therefore reconstruct the net
prior mass exchange between each pair of candidate progenitors,
and then adjust the masses of their links to the target appropriately.

However, as illustrated in Fig. A3, the link network does not
provide full information about the correlation between links in dif-
ferent snapshot intervals. For instance, the particles in the exchange
link between snapshots h and i (solid turquoise line) may, in the in-
terval i– j, either be carried on towards j0 (the subhalo at the top),
or to the target currently under consideration ( j1), as indicated by
the two dashed lines. In principle, it is possible to distinguish be-
tween these cases by explicitly comparing particle IDs in different
links, but this would add unjustified complexity to the code.

Instead, we estimate the connection between links by compar-
ing the particle IDs between subhaloes in non-adjacent snapshots,
i.e., h and j in the current example. These ‘long links’ directly mea-
sure how many particles have been transferred from subhalo h1 to

the target ( j1), but contain no information about which subhaloes
(if any) these particles were associated with in i. We therefore esti-
mate the total mass that has been ‘bypassed’ around a subhalo (i1
in Fig. A3) via another (here, i0) as mby = mLL−mself (limited to
the interval [0, mx]), where mLL, mx, and mself are, respectively, the
masses of the long link (h1– j1), the exchange link (h1–i0), and the
direct link i1– j1 (see Fig. A3). If there is more than one subhalo
in i along which mass could be routed from h1 to j1, we compute
the ratio fby = mby/Σm (where Σm is the sum of link masses from
h1 to all such subhaloes in i), limited to the interval [0, 1], and as-
sume that a fraction fby of each individual exchange links is routed
towards the target j1.

This direct accounting scheme is only performed for up to
four snapshot intervals prior to i– j (i.e., typically 2.5 Gyr prior
to j). In situations where galaxies have already interacted before
this point, we count the full mass of these ‘old’ exchange links.
This is justified because such long-lasting interactions typically af-
fect satellites orbiting a much more massive host, where there is
almost guaranteed to be no confusion about the correct progenitor–
descendant identification. Furthermore, the weighting factors fby
computed for recent interactions are typically close to unity, with a
(mass-weighted) average of ≈0.8.

As a result, we obtain a N×N matrix (X) that contains for any
pair of the N candidate progenitors in i (N = 2 in the example of
Fig. A3) an estimate of the total mass that was previously trans-
ferred from one to the other, and is now transferred to the target
j1. In other words, X0,1 contains (an estimate of) the mass in the
link i1– j1 that should actually be counted towards the mass of link
i0– j1. We then check whether this reassignment of mass is phys-
ically justified: galaxies that are currently undergoing significant
stripping are unlikely to simultaneously re-accrete mass from other
galaxies. As illustrated in Fig. A4, we therefore test for each candi-
date link to the target ( j1) whether it carries at least 2/3 the number
of core particles (nC) in the link with the highest nC from the same
sender (which may be the link itself). If this is not the case, we
judge that any galaxy connected along this link would be unlikely
to re-gain particles and therefore set the corresponding entry in the
exchange matrix X to zero.

As a final consistency check, we compute for each candidate
progenitor in i the total mass that it needs to return to the other pro-
genitors. If this sum exceeds the total mass of its link to the target
(m0 in Fig. A3), all exchanges are scaled down such that their sum
is equal to this link mass. At last, we then define a ‘compensated
link mass’ mcomp equal to the original link mass, reduced by the to-
tal mass returned to other links and increased by returns from other
links. These compensated masses represent an estimate of the true
contribution of each candidate galaxy to the target.

A3 Ranking and filtering of links

To determine the order in which each link should be considered
when finding the descendant of its sender, and the progenitor of its
receiver, it is necessary to rank all links sent, and likewise all those
received, by one subhalo according to some priority criterion.

For sender ranking, we order links by their number of core
particles (nC). As explained above, this ensures that the most bound
particles, which are least affected by numerical mass transfers, are
given the highest weight in determining the descendant of a galaxy.
Note that we do not weight particles by mass here. This is because
some core particles (notably BHs) can be orders of magnitude more
massive than others, but we are here treating the particles as tracers
to determine the most plausible descendant subhalo. To limit the
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Figure A4. A situation in which transfer compensation is not allowed.
Galaxy 1 transfers the majority of its mass to galaxy 0 (i1– j0), so it is un-
physical to assume that it regains previously transferred mass at the same
time (i0– j1). This can affect the choice between subhaloes i1 and i2 as pro-
genitor of j1.

effect of small-number statistics, we group all links with nC < 3
and rank them at the bottom according to their total number of
particles. Because link selection proceeds from the highest ranked
downwards (see next section), those links are typically irrelevant
for determining the evolution of galaxies, except in very low-mass
systems close to the resolution limit.

Analogously, all links to the same receiver subhalo are ranked
according to their compensated mass (see previous section). The
reason for employing mass weighting here, and including gas par-
ticles, is that we are now interested in determining the galaxy that
has contributed the most to the subhalo under consideration, so that
all particles should be included and more massive particles should
carry more weight. Note that, for particle species that can change
their mass over the course of the simulation, all masses are consis-
tently determined at the later of the two snapshots ( j). We first se-
lect those links with nC > 3 and rank them in inverse order of their
compensated mass, giving highest priority, to those with the high-
est mcomp. All links with nC < 3 are then ranked in a second group
at the bottom, again in inverse order of mcomp. We also assign an
analogous receiver rank based on the original, uncompensated link
masses.

As a final step before selecting the links that connect sub-
haloes belonging to the same galaxy, we need to filter the links to
exclude those that would lead to physically questionable connec-
tions. As discussed above, a key feature of our approach is to in-
clude the possibility of connecting subhaloes along links that carry
only a minority of the (core) particles from the sender subhalo. This
can be physically motivated in the case of strong stripping. It can
also, however, lead to physically undesirable situations in which a
small part of a galaxy that is temporarily identified as an indepen-
dent subhalo – which we refer to as a ‘spectre’ in the following – is
selected as a descendant.

To illustrate this possibility, consider the situation depicted in
Fig. A5. The top panel shows a simple scenario in which a spectre
is formed from part of an existing galaxy. Because the link to the
spectre (blue) carries only a small fraction of the core particles, it is

i j
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Figure A5. Exclusion of links to prevent connections to spurious ‘spectre’
galaxies. Top: formation of a spectre in isolation, which is easily identified
as a new galaxy. Bottom: when a spectre forms at the same time as a merger,
it may be mis-identified as the descendant of the merging galaxy (1). The
link i1– j1 is therefore marked as forbidden.

ranked below the link to the main subhalo (indicated by an arrow).
The latter is therefore identified as the galaxy’s progenitor, while
the spectre becomes a new galaxy (see below).

The situation becomes more complex in the bottom panel.
Here, the spectre is generated during a galaxy merger, and con-
tains matter from both merging galaxies. Both subhaloes in i send
their highest-ranked link towards subhalo j0, but because link i0– j0
contains more mass than i1– j0, i0 is selected as the progenitor of
j0. However, i1 has a second link to j1 (the spectre), which could
therefore undesirably be selected as its descendant.

To exclude such mis-identifications, we mark a link as ‘for-
bidden’ if it carries neither an appreciable fraction of its sender
subhalo’s core nor of its total particles (i.e., nC < 2/3nmax

C and
n < 2/3nmax, where m and n are the link mass and number of par-
ticles, and nmax

C and nmax the maximum number of core and total
particles sent from subhalo i1 along any link, respectively), and ad-
ditionally satisfies either m < 2/3mmax

recv or n < 2/3nmax
recv (with mmax

recv
and nmax

recv the maximum mass and particle number received along
any link at subhalo j1, respectively). These criteria capture both
the situation depicted in the bottom panel of Fig. A5 – in which all
four conditions are satisfied – and more subtle situations in which
subhalo i1 contributes the majority of mass, but not particles to the
spectre (typically, this occurs if a massive BH particle originally
belonging to i1 becomes part of the spectre). At the same time,
it does not exclude physically plausible scenarios, for instance if
galaxy 1 were severely stripped (m and n close to mmax

recv and nmax
recv,

respectively) or re-accreted mass that was (physically or numeri-
cally) temporarily ascribed to i0 (nC or n close to nmax

C or nmax).
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A4 Select connecting links

Once all links are ranked, and those that are not physically plausible
excluded, those links that connect the progenitor and descendant
subhaloes of the same galaxy are selected. As discussed above, our
approach is to consider several possible links for each subhalo and
attempt connections first along the highest-ranked (most plausible)
one, and then successively lower-ranked alternatives if the former
were unsuccessful. The highest-priority class of links are clearly
those with the highest sender- and receiver-rank (which we denote
as 0). For subsequent levels, there is an ambiguity between sender-
rank 0, but receiver-rank 1, and sender-rank 1, but receiver-rank
0 (and analogous for lower levels). We here prioritise the former,
which effectively prefers connecting galaxies in such a way that
they retain the largest possible fraction of their core particles, rather
than accrete the smallest possible fraction of mass from other ob-
jects. In practice, we have found that there is hardly any difference
between these two ordering options.

We therefore iterate through successively lower sender ranks
and consider all those links whose sender- and receiver-subhaloes
have both not yet been connected. All links that are the only ones
leading to their respective receiver subhalo can be selected to con-
nect its two associated subhaloes as part of the same galaxy.

For subhaloes in j that receive multiple links in the current it-
eration, the most straightforward solution would be to select the one
with the highest receiver rank. However, to increase the robustness
of the tracing results, we first test whether the link with the highest
receiver rank based on compensated mass is the same as that ob-
tained with the uncompensated, original masses. If so, the situation
is unambiguous and the highest receiver-rank link is connected.

If the two estimates differ – as depicted in Fig. A6 – we pro-
ceed to the next snapshot interval ( j–k) and identify the ‘likely de-
scendant’ of the subhalo currently under consideration. The motiva-
tion behind this is to select the progenitor that maximises the long-
term particle overlap between different subhaloes of the galaxy. The
links between j and k are analysed in the same way as between i
and j, but without mass compensation. We next test whether there
are long links between the two respective sender subhaloes in i and
the likely descendant in k (i.e., whether they share any particles),
and if so, whether the long-link corresponding to the i– j link with
the higher original receiver rank (i0 in the example of Fig. A6) has
a higher sender rank than its alternative (i1). If this is the case, dis-
regarding the mass compensation leads to a better long-term par-
ticle consistency, so the corresponding link is selected (i0– j0). In
all other situations (including if j is the last snapshot of the sim-
ulation), we select the link with the higher compensated receiver
rank. Reassuringly, this covers the vast majority of cases: only in
<≈10 per cent of ambiguous situations (i.e. with different links la-
belled as highest-ranked by compensated and original mass) is the
selected one that which is highest-ranked by original mass. Overall,
the receiver ranks computed from compensated and original mass
differ in only ≈0.5 per cent of selected links in each snapshot in-
terval.

A5 Connect temporary non-identifications

At this point, all subhaloes in i and j that can plausibly be identi-
fied as representing the same galaxy are connected. However, it is
still possible that a subhalo in j could not be connected although
it represents an existing galaxy: subhaloes are occasionally missed
by SUBFIND, especially against the dense background of a mas-
sive galaxy cluster. An orbiting satellite galaxy may therefore be
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Figure A6. Decision between ambiguous progenitors. Subhalo j0 could be
the descendant of i0 (which contributes the largest amount of mass, morig) or
i1 (whose mass contribution adjusted for prior exchanges, mcomp, is great-
est). In the following snapshot (k), k0 is the likely descendant of j0, but
only i0 sends most of its core particles to this subhalo. The progenitor of j0
is therefore chosen to be i0 (continuing galaxy 0), while galaxy 1 is merged
(and will likely be re-connected to k1 in the next snapshot, as described
in Section A5). Under all other circumstances, i1 would be selected as the
progenitor of j0.

(temporarily) left without a counterpart in the subhalo catalogue in
snapshot i. Uncorrected for, such galaxies would appear to spuri-
ously disrupt and then form as new galaxies a short time later. This
is clearly not an appropriate description of their actual evolution.

To prevent such mis-classifications, we make use of the al-
ready mentioned long links and retrospectively connect galaxies
that were left without a descendant in an earlier snapshot (z > zi)
to a subhalo in j (see Fig. A7). Such long-link connections are en-
abled over up to 5 snapshot intervals – if a galaxy can still not be
connected after this period, it is marked as disrupted. The selection
of long-links is performed in analogy to the steps for direct links
described above16. Because connections along long links should
be an exception, rather than the rule, a number of additional con-
straints on their eligibility are imposed. All of them aim to limit the
selection of long links to cases where they are clearly required:

(i) The sender subhalo must not currently have a descendant, or
if it does, this descendant subhalo could in turn not be connected.
The first case covers the standard situation of a galaxy temporarily
disappearing from the catalogue. The second, less common, case
arises in situations where a small part of a disappearing galaxy
(e.g., a spectre) is still identified as a separate subhalo, but is not
strongly enough linked to the galaxy when it re-appears to estab-
lish a connection (bottom panel of Fig A7). In this case, we have the
option of re-establishing a link from the last snapshot in which the
galaxy was properly identified. The original descendant (h1) is then
disconnected and turned into an ‘orphan’ galaxy that only exists in
one snapshot.

(ii) The link must contain at least three core particles. This is
to exclude connections that represent only marginal (core) particle

16 The only difference is that, in computing their compensated masses, all
links are allowed to re-gain particles. This is because galaxies may transi-
tion from stripping to re-accretion over the longer time intervals probed by
long links.
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overlap, which is not justified in the exceptional situation of linking
across multiple snapshots.

(iii) The link must have a higher compensated mass than a (po-
tential) currently connected shorter link to the same receiver sub-
halo. This is because we want to permit re-connections also in cases
where a galaxy has, during its absence from the subhalo catalogue,
accreted a smaller galaxy. Naively, the latter would be identified as
its progenitor, but if the long link contributes more mass, it should
be connected instead (middle panel of Fig. A7).

(iv) The link must not be received by any subhalo that is (back-
wards) connected to a subhalo that the sender subhalo already sends
a link to (see the top panel of Fig. A7 for a schematic illustration, in
which the upper long-link, coloured in red, satisfies this criterion).
This condition imposes that once a galaxy has been mis-classified
as merged with another (as would happen if it has been missed
by the subhalo finder against a dense group/cluster background), it
cannot at a later point be identified as the progenitor of that galaxy.
We have found that this is necessary to prevent unintended situa-
tions in which two galaxies of similar mass that have physically
merged both ‘survive’ by alternately skipping snapshots, often for
many Gyr.

(v) If more than one long links satisfy the above constraints per
sender subhalo – i.e., if there is more than one option to re-connect a
galaxy that has temporarily disappeared – only that with the highest
sender rank is allowed, or others that contain at least 2/3 of the
number of core particles of that link (and which therefore offer a
comparably strong connection).

A6 New galaxies

Once eligible long links are connected, each subhalo in j that can be
identified as continuing a pre-existing galaxy is connected with its
progenitor, from which they inherit a unique galaxy ID (an identi-
fier that is the same for all, and only those, subhaloes that represent
the same galaxy; see Fig. A1). Typically, some subhaloes are still
not connected at this stage, because they represent newly formed
galaxies. They are therefore assigned new galaxy IDs, which may
be passed on to their descendants in subsequent snapshots17.

While the majority of these new galaxies are relatively small,
isolated objects that have just emerged above the detection thresh-
old of SUBFIND, a subset of them are typically spectres, anti-
hierarchically formed transient substructures within larger galax-
ies. Since they typically form in baryon-dominated regions, they
can reach up to ∼109 M� in stellar mass and could therefore be
confused with genuine galaxies in stellar-mass selected samples. To
avoid such contamination, we flag new galaxies as (likely) spectres
if they receive at least one link from another galaxy and less than
half their particles (by number or mass) were unbound in the pre-
vious snapshot. At high z, almost all newly emerging galaxies are
genuine, but the fraction of spectres increases steadily with time
and reaches ≈25 per cent at z = 0. In this paper, we have consis-
tently excluded galaxies that were flagged as spectres.18

17 In the first snapshot, no subhalo can have a descendant and so each is
assigned a new galaxy ID.
18 Because most spectres are dominated by stars, they constitute an appre-
ciable fraction in stellar mass limited galaxy samples, approximately 15 per
cent at Mpeak

? > 109M�.
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Figure A7. Three example situations involving the re-connection of sub-
haloes via long-links. Panel a (top) depicts the simplest case in which a
subhalo without descendant (g1) is re-connected to a subhalo without pro-
genitor ( j1). As described in the text, link g1– j0 is forbidden because it
would invert the survival order established in snapshot h. Panel b (middle)
illustrates a long-link connection that ‘overrides’ a (weaker) direct link from
galaxy 2 (subhalo i1). Panel c (bottom) shows a case in which an originally
identified descendant (h1) is disconnected and turned into an ‘orphan’ that
is only alive in one snapshot, because the long-link g1– j1 allows the con-
tinued tracing of galaxy 1 to snapshot j.

A7 Carrier list

The steps described above are repeated for all snapshots in the sim-
ulation. At the end of this process, every subhalo in any of the 30
snapshots corresponds to exactly one galaxy, and each galaxy to at
most one subhalo in each snapshot. Typically, there are a factor of
a few more galaxies than there are subhaloes at the final snapshot,
because the majority does not survive19 to z = 0.

As a final step, SPIDERWEB identifies the ‘carrier’ of each dis-
rupted galaxy, i.e., the galaxy that inherits the largest fraction of its
(core) particles in the first snapshot after the galaxy has been lost.
Note that such a carrier may not exist for all galaxies: if, e.g., grad-
ual mass loss brings them below the SUBFIND detection threshold,
its particles may all be unbound (not assigned to any subhalo) in
the next snapshot. In many other cases, however, including those of

19 We note that this is not in contradiction to our findings in the main part
of this paper: the majority of galaxies have lower peak masses than those
that we have analysed, and/or disrupt in lower-mass haloes.
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Table A1. Example carrier list for the situation depicted in Fig. A1 in each
of the four snapshots shown.

Snapshot Gal. 0 Gal. 1 Gal. 2 Gal. 3 Gal. 4 Gal. 5

S0 0 1 2 — — —
S1 0 1 0 3 4 —
S2 1 1 1 3 4 5
S3 1 1 1 3 3 5

interest in this paper, a galaxy is lost because it dissolves (merges)
into a more massive galaxy. In this situation, most of its particles
are still members of a galaxy, which can therefore be identified as
the dissolved galaxy’s ‘carrier’.

To keep track of these mergers, we define a ‘carrier ID’ for
each galaxy, which is initially equal to its galaxy ID. Once a galaxy
is disrupted, its carrier ID is updated to that of the galaxy which re-
ceives its highest (sender-)rank link, i.e., which carries the largest
share of its (core) particles and is therefore the most plausible
merger target. Any other galaxies that it had itself accreted in the
past, and whose carrier IDs were therefore equal to its own, are like-
wise updated. On the one hand, this enables an easy identification
of ‘where a galaxy ends up’ at a given snapshot after its disruption.
On the other hand, it also provides a simple method of determin-
ing all progenitors of a galaxy: those are simply all galaxies whose
carrier ID is equal to the galaxy’s own ID.

As an illustration, Table A1 shows the carrier list for the sce-
nario depicted in Fig. A1 in each of the four snapshots. Note that
galaxy 2 undergoes two mergers, so its carrier ID is first changed
to 0 (in S1) and then to 1 (in S2). The three galaxies that end up in
subhalo 0 in S3 (which represents galaxy 1) all have the same car-
rier ID (1). Galaxies 1, 3, and 5 retain its own galaxy ID as carrier
ID because they are still alive in S3.

APPENDIX B: ROBUSTNESS OF SUBHALO
IDENTIFICATION

In Fig. 5, we had shown that only a small fraction of galaxies with
Mpeak

tot > 1010 M� that are detected in the SUBFIND catalogue at
z = 0 have a total mass below 5× 108 M� at z = 0. It is conceiv-
able that there are additional galaxies that do (physically) survive –
possibly with lower mass – but which are missed in the SUBFIND

catalogue for numerical reasons (either the limited resolution of our
simulations, or shortcomings of the SUBFIND algorithm).

B1 Possibility of insufficient resolution

To test the possibility that surviving subhaloes may be missed due
to the finite resolution of the Hydrangea simulations, we have re-
peated our analysis on three simulations from the EAGLE project
that model the evolution of a (25 cMpc)3 cube at two different
levels of resolution. One, L0025N0376/Ref, uses the same mass
and spatial resolution as the Hydrangea simulations analysed in
the main part of this paper20. Two others (L0025N0752/Ref and
L0025N0752/Recal) have a mass (spatial) resolution that is higher
by a factor of eight (two), where the latter also uses recalibrated
simulation parameters to achieve a similarly good match to the

20 The Ref model uses slightly different parameters for subgrid AGN feed-
back than the AGNdT9 model used for Hydrangea, but this is of no signifi-
cance to the resolution test presented here.

galaxy stellar mass function as the lower-resolution counterpart
(see Schaye et al. 2015). Due to their limited volume, these sim-
ulations only contain around a dozen low-mass groups (Mz = 0

200c =

1012.5–1013.5 M�), with correspondingly larger statistical uncer-
tainties than in the Hydrangea analysis.

In Fig. B1, we show the predicted survival fractions of low-
mass group satellites as a function of their peak mass in these
three simulations, in analogy to Fig. 4 for Hydrangea. The default-
resolution simulation L0025N0376/Ref is shown as a solid black
line, while the two higher-resolution versions L0025N0752/Ref
and L0025N0752/Recal are represented by blue dashed and purple
dotted lines, respectively. The top panel applies the same survival
threshold of 5×108 M� to all three and reveals near-perfect agree-
ment between the two resolution levels (irrespective of whether the
subgrid parameters in the high-resolution version are re-calibrated
or not). At least within the relatively low galaxy and halo masses
accessible with these (25 cMpc)3 simulations, the survival fractions
above this threshold are therefore insensitive to the finite resolution
of our simulations.

In the bottom panel, we explore the effect of lowering the
survival mass threshold by a factor of eight for the two high-
resolution simulations. Only at the lowest galaxy masses that we
probe (Mpeak

tot ∼ 1010 M�) does this increase the survival fraction,
by up to 20 per cent (in a relative sense) from 35± 2 to 40± 2 or
43± 3 per cent (in the Ref and Recal models, respectively)21. At
higher masses – i.e., in the regime where baryonic processes are
approximately converged (Schaye et al. 2015; Crain et al. 2017) –
there is no indication that a significant population of galaxy rem-
nants is missed because of the finite resolution of the Hydrangea
simulations.

In summary, we conclude that our fiducial survival fractions
(above a threshold of 5×108 M�) are insensitive to an increase in
resolution, and that they represent the total survival fractions for
satellite galaxies with Mpeak

tot & 3×1010 M�.

B2 Possibility of missed subhaloes

To test the possibility that SUBFIND may be have missed (resolved)
subhaloes, we have iteratively recomputed the bound mass of all
those galaxies that are not present in the SUBFIND catalogue. Start-
ing from the dark matter, star, and black hole particles that consti-
tute each galaxy in the last snapshot in which it is identified22, we
compute the gravitational potential φi and kinetic energy Ki of each
particle i (with respect to the mass-weighted average velocity of the
particles in the most negative decile in gravitational potential). Any
particle whose binding energy εi = φi +Ki is positive is removed,
and the iteration continued until less than 0.05 per cent of particles
are removed in any one iteration.

The result is shown as the light green line in Fig. B2,
which shows the fraction of galaxies in massive clusters (Mz = 0

200c >

1014.5 M�) that are either present in the original SUBFIND cata-
logue at z = 0 or for which the recomputation yielded a remnant
with at least ten bound particles. For comparison, the grey line

21 Fig. 5 already indicated that a few per cent of these low-mass galaxies
survive with a mass below our fiducial threshold at the intermediate resolu-
tion level of Hydrangea. We have verified, however, that the low-mass sur-
vival fraction is still raised in the higher-resolution simulations even when
a uniform threshold of 6×107 M� is applied to all three simulations.
22 We do not include gas because this component is expected to be effi-
ciently removed through ram pressure.
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Figure B1. Survival fraction of satellites in low-mass groups in three (25
cMpc)3 simulations from the EAGLE project. L0025N0376/Ref (black
solid line) uses the same resolution as the Hydrangea simulations analysed
in the main part of this paper, while the other two (blue dashed and pur-
ple dotted lines, corresponding to different choices of subgrid parameters)
have eight times better mass resolution. In the top panel, the same survival
threshold (5×108 M�) is applied to all three, while the bottom panel uses
an eight times lower threshold for the higher-resolution simulations. In the
first case, the higher resolution has no impact, but with a lower mass thresh-
old the fraction of surviving galaxies increases slightly at the low-mass end.

shows the fraction of only those galaxies identified by SUBFIND

(as in Fig. 5). It is evident that the re-computation only increases
the survival fraction by at most ≈5 per cent, implying that most
physically surviving subhaloes are indeed detected by SUBFIND.

In addition, the recomputation described above considered
each galaxy individually and therefore represents an upper limit to
the fraction of galaxies surviving as independent self-bound struc-
tures. Some of them, while self-bound, may in fact be an indis-
tinguishable part of a more massive galaxy, in the same way as
a random selection of stars from the Milky Way’s bulge may be
self-bound to each other without constituting a separate galaxy. To
estimate the impact of this effect, the dark green line in Fig. B2 in-
cludes only those galaxies with a remnant from the re-computation
that lies outside of min(30 kpc, Rstar

1/2), where Rstar
1/2 is the stellar

half-mass radius from any subhalo in the SUBFIND catalogue. In
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Figure B2. Fraction of galaxies in massive clusters (Mz = 0
200c > 1014.5 M�)

that survive to z = 0. The grey line includes all galaxies present in the SUB-
FIND catalogue. The light green line adds galaxies which retain a self-bound
remnant with at least ten particles when starting from all particles that are
part of the galaxy in its last snapshot. The dark green line limits those re-
covered detections to only those that lie away from subhaloes in the SUB-
FIND catalogue (see text for details). There is no significant population of
surviving galaxies that is missed by SUBFIND, particularly with the more
restrictive definition (dark green).

effect, this limits new detections to the outer halo of more massive
galaxies. With this stricter definition, the difference between the re-
computed and SUBFIND catalogue disappears almost entirely. Al-
though this may in turn be overly restrictive – some of the galaxies
recovered in the recomputed catalogue within min(30 kpc, Rstar

1/2)
may in fact be genuine, independent, survivors – we conclude from
Fig. B2 that SUBFIND robustly identifies the vast majority of sur-
viving galaxies in a group/cluster environment, and that our results
in this paper are therefore not an artefact of our particular subhalo
finder.

APPENDIX C: COMPARISON TO IDEALISED
EXPERIMENTS

Our simulations predict substantial survival of even low-mass
galaxies (Mpeak

tot ∼ 1010 M�) in massive haloes, especially if they
were accreted at z < 2. This appears to be in tension with the
idealised N-body experiments of van den Bosch & Ogiya (2018),
in which numerical disruption occurs even for satellites that are
initially resolved by > 105 particles (corresponding to Mpeak

tot &
1012 M� at our resolution). For a quantitative comparison to their
work, we use the criteria in their equations (21) and (22): these
specify the minimum mass fraction that a satellite must retain to
avoid numerical artefacts from inadequate force softening and par-
ticle discreteness noise, respectively, as

f softening
bound, min = 1.12

c1.26

f 2(c)

(
ε

rs, 0

)2
and (C1)
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f discreteness
bound, min = 0.32

(
Nacc

1000

)−0.8
, (C2)

where c = rs, 0/r200c is the concentration parameter of the galaxy’s
DM halo, rs, 0 its NFW scale radius (Navarro et al. 1996), f (c) =
ln(1+ c)− c/(1+ c), ε is the force softening length of the simula-
tion (here equal to 0.7 proper kpc), and Nacc the number of particles
bound to the galaxy at the time of accretion.

In our simulations, we take Nacc from the SUBFIND catalogue
at the last snapshot before accretion (tbranch). Instead of fitting NFW
profiles, we estimate c (and hence rs, 0) from the redshift-dependent
M200c–c relation of Correa et al. (2015, their appendix B1), includ-
ing log-normal scatter with σ = 0.11 dex. For galaxies that were a
central prior to accretion, we use the M200c of its FOF group, for
others, we estimate c from Mpeak

tot .
Fig. C1 shows the fraction of surviving (Mz = 0

tot > 5×108M�)
galaxies in massive clusters (Mz = 0

200c > 1014.5 M�) whose remain-
ing bound fraction ( fbound = Mz = 0

tot /Mpeak
tot ) is below the require-

ments in equations (C1) and (C2), i.e., those that are expected to
be susceptible to numerical artefacts. Galaxies affected by inade-
quate force softening are shown by purple lines, those subject to
particle discreteness noise in blue, and black lines give the fraction
of galaxies violating either constraint. In the top panel, all satellites
are included, while the bottom panel only shows galaxies that were
not pre-processed.

At Mpeak
tot & 3× 1011 M�, the fraction of remnants violating

either numerical reliability constraint is close to zero in the hy-
drodynamical simulations (black solid lines). For these, numeri-
cal artefacts would only occur for bound fractions below 1 per
cent, which are extremely rare (Fig. 5). We therefore conclude that
massive galaxies are unaffected by numerical disruption, because
they are physically disrupted before losing sufficient mass to be-
come numerically unreliable. We note that DM-only simulations
do predict a small fraction (≈10 per cent) of survivors even at
Mpeak

tot = 1012 M� that were so severely stripped that they should
have become numerically unreliable, at least when pre-processed
galaxies are included (dotted black/blue lines in the top panel; see
also Fig. 5).

In lower-mass galaxies, the fraction of numerically unreliable
remnants increases rapidly, and reaches 35 (23) per cent of all (non-
pre-processed) satellites at Mpeak

tot = 1010 M�. The dominant driver
is susceptibility to discreteness noise, with softening by itself only
affecting a few per cent of galaxies except at Mpeak

tot < 3×1010 M�.
Because the discreteness noise threshold is independent of concen-
tration, this means that the extent of (overall) numerical unreliabil-
ity (black lines) is not significantly affected by our simplified ap-
proach of estimating c from the Correa et al. (2015) relation23. In
the DM-only runs, the fraction of unreliable remnants of low-mass
galaxies is even slightly higher.

These numerically unreliable survivors should be accompa-
nied by similarly massive galaxies that were numerically disrupted.
In our simulations, we instead find near-complete survival of low-
mass galaxies in massive clusters (Figs. 7 and 11), and only small
differences with satellite mass in all host mass bins (Fig. 4) that also

23 We have verified that using the relation of Dutton & Macciò (2014), or
even shifting the M200c–c relation upwards by 1σ = 0.11 dex does not cause
an appreciable difference in the overall fraction of numerically unreliable
galaxies.
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Figure C1. The fraction of surviving galaxies (Mz = 0
tot > 5×108M�) whose

z = 0 remnants are affected by numerical artefacts, according to the cri-
teria of van den Bosch & Ogiya (2018). In the top panel we show all
surviving satellites (including those that were pre-processed) and calcu-
late pre-accretion properties at tbranch. In the bottom panel only galaxies
that were not pre-processed are shown, with pre-accretion properties cal-
culated at tmain. In both cases, the blue, purple, and black lines show, re-
spectively, the fraction of survivors that violate the discreteness noise cri-
terion, the softening criterion, or either of them. Results from the hydrody-
namical simulations are shown as solid lines (with binomial 1σ errors as
shaded bands), while DM-only simulations are represented by dotted lines.
At Mpeak

tot < 3× 1011 M�, numerical artefacts should play a non-negligible
role, but this is not reflected in the survival fractions.

tend to be shallower at the lowest masses, rather than steepening
as seen in the fraction of unreliable survivors. Finally, the survival
fractions of low-mass galaxies are (slightly) lower in the hydrody-
namical simulations compared to the DM-only runs (Figs. 5 and 7),
although they have a slightly lower fraction of unreliable remnants.
All this suggests that numerical disruption of satellites is rare even
when the bound fraction falls below the van den Bosch & Ogiya
(2018) thresholds.

There are (at least) two possible explanations for this. Firstly,
it might be that many low-mass galaxies are actually affected by
numerical artefacts in our simulations, but that these are mild and
only cause some unphysical mass loss, rather than any appreciable
number of extra disruption events (even at a threshold of 0.1Mpeak

tot
as explored in Fig. 5). Secondly, the criteria of van den Bosch &
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Ogiya (2018) may be overly conservative in the more realistic situ-
ations produced by our simulations. It is conceivable, for instance,
that most of the mass loss is due to transient events, such as encoun-
ters with other satellites (‘galaxy harrassment’; Moore et al. 1996)
or pre-processing, while the tidal field of the host itself is too weak
to induce numerical inaccuracies. More work would be required to
test these scenarios in detail.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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