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ABSTRACT

Dark matter-only simulations are able to produce the cosmic structure of a Lambda cold dark matter universe, at a much lower
computational cost than more physically motivated hydrodynamical simulations. However, it is not clear how well smaller
substructure is reproduced by dark matter-only simulations. To investigate this, we directly compare the substructure of galaxy
clusters and of surrounding galaxy groups in hydrodynamical and dark matter-only simulations. We utilize TheThreeHundred
project, a suite of 324 simulations of galaxy clusters that have been simulated with hydrodynamics, and in dark matter-only.
We find that dark matter-only simulations underestimate the number density of galaxies in the centres of groups and clusters
relative to hydrodynamical simulations, and that this effect is stronger in denser regions. We also look at the phase space of
infalling galaxy groups, to show that dark matter-only simulations underpredict the number density of galaxies in the centres
of these groups by about a factor of four. This implies that the structure and evolution of infalling groups may be different to
that predicted by dark matter-only simulations. Finally, we discuss potential causes for this underestimation, considering both

physical effects, and numerical differences in the analysis.
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1 INTRODUCTION

Cosmological simulations are a valuable tool in testing predictions
of the Lambda cold dark matter (ACDM) model of the Universe,
widely accepted as the ‘standard model” of cosmology (Diemand &
Moore 2011; Frenk & White 2012). In this paradigm, small haloes
form via the gravitational collapse of cold dark matter. These then
grow hierarchically, merging with other haloes to form increasingly
massive bound structures, the largest of which are galaxy clusters
(White & Rees 1978).

The mass composition of galaxy clusters is dominated by dark
matter, which makes up over 80 per cent of the mass of a typical
cluster (Allen, Evrard & Mantz 2011), and so the gravitational
collapse of these structures is dominated by the effects of dark matter
(Jenkins et al. 1998; Springel et al. 2005; Borgani & Kravtsov 2011).
Indeed, this dominance of gravitational effects over baryonic effects
was partly the motivation behind the earliest numerical simulations
of the non-linear collapse of cosmic structure, such as the work of
Press & Schechter (1974), White (1976), and Gott, Turner & Aarseth
(1979), who each used N-body simulations of collisionless particles
to study the build-up of structure, although many early simulations
failed to produce adequate amounts of halo substructure. This was
attributed to the ‘overmerging’ problem: dark matter subhaloes
passing through a larger halo are heavily stripped, and pass below the
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simulation resolution limit (Frenk et al. 1996; Moore, Katz & Lake
1996). Subsequent work, such as that of Moore et al. (1998), was
able to resolve this substructure, and confirmed that this overmerging
was indeed responsible for the apparent lack of substructure in dark
matter-only simulations.

The subsequent development of the ACDM model, plus increases
in available computational power, have since allowed for the produc-
tion of much larger simulations of cosmological volumes. Modern
simulations, such as Millennium-XXL (Angulo et al. 2012), the
Jubilee project (Watson et al. 2014), and the MultiDark simulations
(Klypin et al. 2016) contain billions of cold dark matter particles in
gigaparsec-scale volumes, and allow for detailed studies of the dark
matter-dominated formation of large-scale structure.

Hydrodynamical simulations build on these ideas by including
baryonic material as well as dark matter, in order to model the
properties of galaxies, as well as the underlying cosmic structure.
These include processes such as gas cooling, star formation, and feed-
back, and employ methods such as smoothed-particle hydrodynamics
to better approximate the physical properties of gas (Wechsler &
Tinker 2018). ‘Subgrid physics’ is also used to model processes that
are below the typical resolution limits of cosmological simulations.
Processes such as star formation and supernova feedback are included
in this subgrid physics, however, much of the physics governing these
processes is not fully understood. This means that empirical ‘recipes’
must often be included in hydrodynamical simulations, in order to
describe this physics (see Springel 2010; Somerville & Davé 2015;
Vogelsberger et al. 2020, for detailed reviews).
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The other major drawback of hydrodynamical models is the
increased computational time that they require, and so various
alternative approaches exist that are less physically motivated,
but employ empirical models to save on computing power. These
typically utilize N-body dark matter-only simulations to simulate
the cosmic structure found in hydrodynamical simulations, that are
then post-processed to retroactively include the baryonic material.
Semi-analytical models are an example of a method that uses N-
body simulations as its starting point. In these models, baryonic gas
is later included in numerically simulated dark matter haloes, and
the gas is subsequently evolved using models of gas cooling and star
formation to reproduce the evolution of galaxies (Benson et al. 2001;
Baugh 2006; Croton et al. 2016). Other empirical approaches include
halo occupation models, in which haloes within a dark matter-
only simulation are populated with galaxies statistically, based on
a probability distribution that matches galaxies of given properties
to corresponding haloes (Guo et al. 2016; Wechsler & Tinker 2018).

These alternatives to hydrodynamical models are generally suc-
cessful, and recent models have been able to reproduce galaxy
properties in impressive detail. For example, the GALICS 2.0 semi-
analytical code created by Cattaneo et al. (2017) is able to reproduce
both the galaxy stellar mass function and Tully—Fisher relation for
galaxies in a (100 Mpc)® volume, which had previously been a
significant issue for these models (Heyl et al. 1995; Baugh 2006).
Similarly, the model of Porter et al. (2014) successfully predicts the
Fundamental Plane relation for early-type galaxies (Djorgovski &
Davis 1987; Dressler et al. 1987). The increased speed of both halo
occupation models and semi-analytical models over hydrodynamical
simulations means that they are particularly useful for exploring
large parameter spaces (Benson 2010; Wechsler & Tinker 2018), and
can also be used to create huge samples of galaxies, to study large
cosmological volumes and generate mock observations (Eke et al.
2006; Frenk & White 2012; Somerville & Davé 2015). The power of
this is demonstrated by Carretero et al. (2015), who have used a halo
occupation model and the MICE simulations (Crocce et al. 2015)
to produce mock observations that are being used by the upcoming
Euclid mission.! Similarly, Knebe et al. (2018) have applied three
distinct semi-analytical models to the MDPL2 MultiDark simulation
(Klypin et al. 2016), generating the largest ever public mock galaxy
catalogues.”

The underlying assumption of these models is that the substructure
of dark matter-only simulations is valid, compared to a more physical
picture involving baryons. However, several studies have indicated
regimes in which this may not be the case. Previous work has shown
that the cumulative halo mass function is dependent on the baryonic
processes that are present in a simulation (see e.g. Cui etal. 2012; Cui,
Borgani & Murante 2014). Similarly, van Daalen et al. (2011) study
the matter power spectra of several hydrodynamical simulations
from the OWLS project (Schaye et al. 2010), as well as the power
spectrum of an equivalent dark matter-only simulation. They find
that on length-scales less than the typical size of clusters (<1 Mpc),
the power spectrum amplitude is suppressed in dark matter-only
simulations, which is attributed to the cooling and collapsing of
baryonic material into dense halo cores in hydrodynamical simula-
tions. This steepened baryonic radial density profile can then cause
the dark matter halo to contract, in the same way as was shown by

"The MICE mock galaxy catalogue is publicly available from the CosmoHub
database, https://cosmohub.pic.es.

2The MultiDark simulations, and the associated mock galaxy catalogues, are
publicly available from the CosmoSim database, https://www.cosmosim.org.
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Blumenthal et al. (1986), potentially leading to denser regions of
dark matter in hydrodynamical simulations. Other work has found
similar results on smaller scales. Jia, Gao & Qu (2020) compare
hydrodynamical and dark matter-only simulations of a 10'8 ;!
Mg halo, at three mass resolutions. They find that the subhalo mass
function is steeper in the hydrodynamical simulations, supporting
the idea that the substructure in dark matter-only simulations is
suppressed on small scales. Libeskind et al. (2010) show analogous
results, but in even smaller (Local Group-sized) simulations.

Jia et al. (2020) also show that subhaloes are more concentrated in
their hydrodynamical simulations, again confirming the mechanism
of dark matter halo contraction described by Blumenthal et al.
(1986). Indeed, other studies have found that halo density profiles
are steepened by baryonic effects, leading to haloes being more
concentrated in dark matter-only simulations (Rasia, Tormen &
Moscardini 2004; Lin et al. 2006). Additionally, the central regions
of dark matter haloes appear to be most strongly affected (Cui et al.
2014; Schaller et al. 2015). Such a mechanism is also supported by
the work of Dolag et al. (2009). They show that subhaloes in radiative
hydrodynamical simulations, which produce dense stellar regions in
the centres of dark matter haloes, are more resistant to the stripping
of gas and dark matter than haloes in non-radiative hydrodynamical
simulations that lack these stellar cores.

In spite of this, the significance of the effect of baryons on dark
matter haloes remains unclear, partly because of its dependence on
the models that are implemented (Tissera et al. 2010; Cui et al.
2016). There does exist some disagreement within the literature, with
some studies instead finding less substructure in hydrodynamical
simulations, which is often attributed to increased tidal disruption
in hydrodynamical simulations (Zhu et al. 2016; Garrison-Kimmel
et al. 2017; Richings et al. 2020). The effect of baryons at different
halo masses is also unclear; Chua et al. (2017) show that the subhalo
mass function is shallower in hydrodynamical and dark matter-only
simulations, in contrast to several other studies, including the recent
work of Jia et al. (2020). Other studies show that the presence of
baryons simply does not have a strong effect on substructure. In
Bahé et al. (2019), the fraction of galaxies being accreted by clusters
that survive to redshift z = 0 is only weakly dependent on whether
baryons are included, although they explain that this may be due to
the subgrid physics implemented within their simulations.

In this work, we investigate how cosmic structure and substructure
are affected by including baryons in cosmological simulations. We
begin by studying galaxies in galaxy clusters, and go on to investigate
the outskirts of clusters. We particularly focus on galaxy groups
in these outskirts, as a significant fraction of the galaxies that are
accreted by clusters join the cluster as members of a galaxy group.
Berrier et al. (2009) use dark matter-only simulations to find that
30 per cent of galaxies of virial mass® greater than 10" 4~1 Mg
have joined a cluster as part of a group, and 12 per cent as part of a
group of six or more galaxies. They also show that these fractions
are slightly greater when a lower galaxy mass limit is used, in
agreement with subsequent studies (Choque-Challapa et al. 2019).
There is, however, some disagreement in this figure; some studies
have found the fraction of infalling galaxies within groups to be as
low as 10 per cent (Arthur et al. 2017). Others have found that groups
can make up almost half of infalling galaxies (McGee et al. 2009),
although it is important to note that this variation is partly down to
the way in which groups are defined, which varies between different

3Berrier et al. (2009) use the definition of virial mass laid out by Bryan &
Norman (1998).
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Table 1. Parameters for the four classes of simulations used in this work. Columns 2-5 represent the mass of dark matter
particles, mpm, and of gas particles, mgys, in the central high-resolution region, the Plummer equivalent gravitational
softening length for both gas and dark matter particles, €pm,gas, and the Plummer equivalent gravitational softening
length for star particles, €grs. The bottom two rows only apply to ‘CLUSTER-0002°, which was used to test resolution

effects.

Simulation mpm (108271 M) Mgas (108871 M) €pM,gas (h~! kpe) €stars (K1 kpe)
Hydrodynamical 12.7 2.36 6.5 5

Dark matter-only 15 - 6.5 -
Reduced softening 12.7 2.36 6.5 1
High-res. DM-only 1.88 - 3.25 -

works. Studies of groups in cluster outskirts are therefore crucial in
learning about the growth of clusters, and the histories of galaxies in
cluster environments.

Throughout this work, we utilize TheThreeHundred project, a
sample of 324 galaxy clusters taken from a 1 2~! Gpc cosmological
volume, and resimulated out to distances of several times the Ry of
the cluster, where Ry is the radius within which the mean density
of a cluster is equal to 200 times the critical density of the Universe.
We first examine the radial number density profiles of galaxies in
galaxy clusters, and of galaxy groups in the cluster outskirts. These
clusters have all been simulated with both full hydrodynamics, and
using only cold dark matter. We then look at the phase space of
galaxies in groups that are on their first infall into a cluster, to study
how this distribution is affected by the inclusion of baryonic material
in simulations.

This paper is structured as follows: in Section 2, we introduce
the simulation data and analysis used in this work. In Section 3,
we present our results, and in Section 4 we discuss some of the
causes and effects of the differences we find between the two types
of simulations. Finally, we summarize our findings in Section 5.

2 SIMULATIONS AND NUMERICAL METHODS

2.1 Simulation data

In this work we use data from TheThreeHundred project, a suite of
324 galaxy clusters, forming a mass-complete sample taken from the
dark-matter-only MDPL2 MultiDark simulation (Klypin et al. 2016).
This simulation uses Planck cosmology (2, = 0.307, Qp = 0.048,
Qp =0.693,h=0.678, 03 = 0.823, ny, = 0.96; Planck Collaboration
XIII 2016) to simulate a box with sides of comoving length 1 /47!
Gpc. To generate the data for TheThreeHundred project, the 324
most massive clusters at z = 0 were chosen, and all particles within
15K~ Mpc (~10Ry) of each cluster’s centre at z = 0 were traced
back to their initial positions. Each cluster was then resimulated from
its initial conditions with full baryonic physics, by splitting each dark
matter particle into a dark matter and a gas particle, with masses set
by the baryonic matter fraction of the Universe. Lower resolution
particles were used beyond 154! Mpc to model any effects of
large-scale structure. The simulations were carried out using the
GADGETX code, a modified version of the GADGET-3 code, which
uses a smoothed-particle hydrodynamics scheme to fully evolve the
gas component of the simulations (Springel 2005; Beck et al. 2016).

Additionally, the 324 clusters were also resimulated using only
dark matter. The same dark matter particle masses were used as
in the original MDPL2 simulation, but the simulations run using the
GADGETX code, as opposed to GADGET-2, which was used in MDPL2
(Klypinetal. 2016). These clusters were hence evolved from the same
initial conditions as their hydrodynamical counterparts, and using

the same simulation code and analysis. This allows us to make like-
for-like comparisons between two simulations of the same clusters,
showing the effects of baryonic physics on the dynamics of clusters.
Finally, we simulated one of the clusters from TheThreeHundred
sample two more times, in order to investigate resolution effects.
We hereafter refer to this cluster by its ID, ‘CLUSTER_0002’. This
cluster has also been simulated hydrodynamically with a shorter
gravitational softening length for stellar particles, and in dark matter-
only with a factor of eight increase in resolution. These additional
simulations are detailed in Section 3.2.1, and a summary of the
particle data is given in Table 1.

The final data set of 324 clusters range in mass from M,y =
5 x 10%hp! Mg to Mpy = 2.6 x 108 47! Mg, where M, is the
mass contained within a sphere of radius Ryp9. The hydrodynamical
clusters consist of dark matter and gas particles, and star particles of
variable masses, typically with mg, ~ 4 x 107 h~! Mg, produced
by the stochastic star formation that is implemented by GADGETX
(Tornatore et al. 2007; Murante et al. 2010; Rasia et al. 2015).
TheThreeHundred data set is described in more extensive detail
in Cui et al. (2018), and has been used in previous studies to
examine cluster density profiles (Mostoghiu et al. 2019; Li et al.
2020), environments (Wang et al. 2018; Kuchner et al. 2020), ram
pressure (Arthur et al. 2019), the hydrostatic equilibrium mass bias
(Ansarifard et al. 2020), backsplash galaxies (Haggar et al. 2020),
and the shapes and alignments of galaxies (Knebe et al. 2020).

2.1.1 Galaxy identification and tree building

The halo merger trees used in this work were produced using the
same methods as detailed in Haggar et al. (2020). For each cluster,
129 snapshots were saved between z = 16.98 and z = 0. These
were then processed using the AHF* halo finder, to detect the haloes
and subhaloes present in each snapshot (see Gill, Knebe & Gibson
2004 and Knollmann & Knebe 2009 for further details on AHF).
The version of AHF used in this work accounts for gas, stars, and
dark matter, and returns the position and velocity of each halo and
subhalo, as well as properties such as their radii, and their masses in
gas, stars, and dark matter.

The halo merger trees were built using MERGERTREE, a tree
builder designed as part of the AHF package. For each halo in a
given snapshot, MERGERTREE identifies a main progenitor, plus other
progenitors, by looking at haloes in all previous snapshots that share
particles with it. By considering all prior snapshots when searching
for a progenitor (rather than just the previous one), this tree builder
is able to ‘patch’ over gaps in the tree that would otherwise result in
halo branches being truncated. This property is particularly useful for

“http://popia.ft.uam.es/AHF
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studying groups and cluster substructure, as small subhaloes passing
through the dense centre of a larger halo are more challenging to
identify (Onions et al. 2012). We also place a factor of two limit
on the change in dark matter mass between snapshots, such that no
halo can more than double in dark matter mass between successive
snapshots. This helps to prevent non-physical ‘mismatches’ that can
be caused by a subhalo located close to the centre of a larger
halo (as discussed in Section 2.2). Further details of AHF and
MERGERTREE can be found in Knebe et al. (2011b) and Srisawat
et al. (2013).

2.2 Subsample of clusters

In the first part of this work, Section 3.1, we use the full set of
324 cluster simulations at z = 0. However, we identify a sample
of the hydrodynamical simulations for which we do not have good
galaxy tracking data, and so are not suitable for analysis at z >
0. Consequently, we choose to omit these from our analysis in
Section 3.2, which uses simulation data from before z = 0. This
cluster sample is the same as in Haggar et al. (2020) that also use
simulation data from z > 0.

The MERGERTREE code uses a merit function (M;, described in
Table B1 of Knebe et al. 2013) to find the most likely progenitors
of haloes in preceding snapshots, and build the trees. This merit
function is used to ‘patch’ over the gaps in the merger tree, but some
halo links between snapshots can be assigned incorrectly, which can
lead to an apparent ‘jump’ in position of the cluster halo. Although
such events are uncommon and typically only affect a small number
of snapshots, they can be a major issue when tracking the times and
positions of groups entering a cluster. These ‘jumps’ can also occur
at late times (after z = 1), which is particularly problematic in this
work, as most of the galaxy infalls take place at late times; for clusters
that can be tracked back to z = 5, approximately 80 per cent of infall
events occur after z = 1.

These merger tree mismatches are particularly common during
a major merger of the main cluster halo. This is described by
Behroozi et al. (2015), who show that two merging haloes of similar
size can be accidentally switched by a tree builder, leading to a
‘flip-flopping’ effect, in which the sizes and positions of haloes
appear to change suddenly and dramatically. Of our sample of
324 hydrodynamical clusters, we find 59 whose position (in box
coordinates) changes by >0.5R,0(z) between two snapshots after
z = 1. We find that this distance is non-physical, given the typical
time elapsing between snapshots at this redshift in our simulations
(~0.3 Gyr).

We also find 17 hydrodynamical clusters whose main branch on
the merger tree (that is, the evolution of the main cluster halo) cannot
be tracked back to further than z = 0.5. These cases are largely due
to a missing link in the merger tree, resulting in the history of the
cluster before this link being lost. Although they still contain some
groups that have fallen in at late times, we choose to also remove
these clusters from our analysis, as they do not give a good, unbiased
sample of groups that have entered a cluster throughout its whole
history. Nine of these clusters also experience large jumps in their
position (as discussed above), resulting in a total of 67 clusters for
which we have relatively poor tracking data.

Our remaining 257 hydrodynamical clusters have M5y masses
(dark matter, gas, and stars, including subhaloes) between 5 x 10
and 2.6 x 10" A~! M, with a median value of 8 x 10" A~! M.
The radii (Ryg9) of these clusters range from 1.3 to 2.3 h! Mpc, with
a median of 1.5/h~! Mpc. For consistency, this same sample of 257
dark matter-only clusters are also used in Section 3.2.

MNRAS 502, 1191-1204 (2021)

2.3 Galaxy and group selection

In this work, the word ‘galaxy’ refers to all the components of an
object in the hydrodynamical simulations, including its stellar and
dark matter components. These can either be individual objects, or
may be bound to a group. We use the word ‘galaxy’ to describe these
in a general context, but in the specific context of our dark matter-only
simulations, we hereafter refer to these objects as ‘subhaloes’ instead.

Throughout this work, we place a limit on the total (dark matter,
gas, and stars) mass of galaxies/subhaloes within the simulations
of May > 10'%3 h=! Mg. This corresponds to approximately 100
particles in the 15 4~! Mpc high-resolution region surrounding each
cluster. Using a mass cut (rather than a particle number cut) removes
any bias towards the hydrodynamical simulations, as the gas/star
particles have lower masses than the dark matter particles, and so
lower mass objects can be found in these simulations. We also remove
all objects from the hydrodynamical simulations that contain more
than 30 per cent of their mass in stars. These haloes are typically
found very close to the centre of a larger halo, meaning that much of
their dark matter has been stripped (evidence of this tidal stripping in
THETHREEHUNDRED simulations is presented in Knebe et al. 2020).
The remnants of this process are very compact objects with high stel-
lar mass fractions, whose properties (such as their radii and masses)
are not well determined by our halo finder. Given this, and the fact
that these haloes make up only 1 per cent of all haloes within SRy
of the clusters, we make the decision to remove these objects from
our analysis. By taking this approach, and not including an absolute
stellar mass limit in the hydrodynamical simulations, we keep all ob-
jects with a total mass above 10'%3 4~! M, and therefore ensure that
the hydrodynamical and dark matter-only simulations are equivalent.

2.3.1 Group identification

In this work, we identify galaxy groups in the simulations by
considering each galaxy, and determining how many other galaxies
in the same snapshot are associated with it. If the galaxy has four or
more other galaxies associated with it, we take it to be the host halo
of a group. Galaxies are defined as being associated with this ‘group
host’ (and hence a member of the group) if they satisfy the same
criteria as Han et al. (2018) and Choque-Challapa et al. (2019) use
to define galaxy groups; the total (dark matter, gas, and stars) mass
of a galaxy must be less than that of its group host, and the galaxy
must satisfy the criterion below:

2
5+ 00 < O(25RE"). (M

Here, ®(r) represents the gravitational potential due to the group
host at a distance r from its centre, and v is the relative velocity of a
galaxy with respect to its group host. R%%’h is the radius of the group
host halo (this is distinct from the radius of the host cluster that is
present in each of the simulations, which is subsequently referred to
by R%g’h). ‘We take any galaxies that are less massive than their group
host and that satisfy this criterion to be bound members of this group.

This criterion means that galaxies bound to their group host can
be found as far as 2.5 R%%‘h from the centre of the group, providing
their velocity relative to the group is sufficiently small. Similarly,
fast-moving galaxies near to the pericentre of their orbit in the group
are also included. However, the presence of this velocity-dependent
term means that ‘fly-by’ galaxies, which pass near to the group but
are not bound to it, are excluded from this selection. These galaxies
are equivalent to the ‘renegade subhaloes’ identified by Knebe et al.
(2011c) in simulations of the Local Group.
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Figure 1. Schematic of a galaxy group halo (dark circle) falling into a cluster
(light circle). The centre of the host group has just passed within R%‘:)S’h of
the cluster. Red crosses represent galaxies that are members of this group;
note that these can be outside of the cluster at the time of group infall, and
that they can be outside of R%%’ " based on the definition in equation (1). The
position, r, and velocity, v, of one galaxy relative to its host group are also
labelled. It is this configuration that is used in the second part of our analysis

(Section 3.2).

2.3.2 Infalling groups

Throughout this work, we consider galaxy groups in two regimes.
In Section 3.1, we identify galaxy groups located in the region we
refer to as the ‘cluster outskirts’, between [R5, SR ™" from
the cluster centre at z = 0. Then, in Section 3.2, we instead identify
infalling galaxy groups, at all redshifts, again using the same methods
as Han et al. (2018) and Choque-Challapa et al. (2019). Using the
halo merger trees, we first identify all objects that have just fallen
into the cluster, taken from the whole history of the cluster; that

is, we find galaxies that were at a distance greater than Rgng’h

from the cluster centre in one snapshot, but are within R in
the following snapshot. We refer to these objects as the ‘infalling’
galaxies.

For each infalling galaxy, we consider the first snapshot in which
it has passed within R5", and use the method in Section 2.3.1 to
determine if any galaxies are bound to it at this time, thereby making
the infalling galaxy a group host halo. This galaxy, and any galaxies
that are bound to it, then make up the infalling group. A schematic
is given in Fig. 1, showing the configuration of an infalling group.
Haloes that are on a second (or subsequent) infall are excluded, so
that our sample of groups consists only of those entering the cluster
for the first time. These repeat infallers make up only 13 per cent of
the infalling galaxies, and less than 1 per cent of the bound groups

that we identify.

3 RESULTS

3.1 Radial density profiles of clusters and groups

Fig. 2 shows the number density profile of galaxies that are bound
(according to the criterion in equation 1) to a host cluster. For
consistency, we use the same criteria to define galaxies bound to
the cluster as we use for defining group member galaxies, but we
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Figure 2. Radial number density, p, of galaxies gravitationally bound to
clusters, for 324 hydrodynamical clusters and dark matter-only clusters at
z = 0 (top panel). Light shaded regions show the 1o spread between clusters,
and dark shaded regions represent 1o uncertainty in the mean radial number
density profile, although these are mostly too small to be seen. Bottom panel
shows fractional residuals, which we define in the main text.

note that this bound population of galaxies represents almost all
galaxies in the cluster; over 99 per cent of galaxies within R,y of a
cluster are gravitationally bound. Note also that the distances from
the cluster centre, r, are given in units of the cluster radii RSy
and so are normalized between clusters, but the number densities are
given in units of 4> Mpc™>. For each cluster, we generate a kernel
density estimation (KDE) of the distribution of galaxies. Using a
KDE with an optimized bandwidth provides a smoothed distribution,
and removes most of the effects of bin selection that can impact a
histogram. We then average the KDEs across all clusters. As this
analysis only requires data from z = 0, we use data from all 324
clusters.

Clusters in the dark matter-only simulations have a deficit of
subhaloes in their central regions, relative to the hydrodynamical
cluster simulations. The deficit decreases with increasing distance
from the cluster centres, and the two profiles are indistinguishable
outside of 2.1R5™", as shown by the residual in the bottom panel
of Fig. 2. This is equal to the ratio of the galaxy number density
profile in the hydrodynamical clusters (given by ppyaro) to the density
profile in the dark matter-only simulations (ppy). Consequently, in
regions where this residual is equal to one, the number density of
galaxies is equal in the two types of simulation. The error bounds on
this residual come from the uncertainty in the mean density profiles
(the dark shading in the top panel). This residual demonstrates that
the substructure of hydrodynamical simulations is only reproduced
in dark matter-only simulations in the outer regions of clusters.

Some of the difference between the number densities of galaxies in
the cluster outskirts can be explained by the inclusion of backsplash
galaxies, which have previously passed within R;gg‘h of a cluster, but
now exist beyond this radius in the cluster outskirts. If we exclude
these backsplash galaxies from our analysis, we instead find that
the number density profiles of the hydrodynamical and dark matter-

only clusters agree at radii beyond 1.4R5e™". This indicates that
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Table 2. Parameters for the best-fitting Einasto profiles (equation 2), for the hydrodynamical
and dark matter-only simulations of the number density profiles of galaxy clusters (Fig. 2) and
galaxy groups in the cluster outskirts (Fig. 3). For clarity, we have not included these fits in the

relevant figures.

Simulation po (B3 Mpc™) 0 (R12100) o
Clusters Hydrodynamical 11.709 £ 0.006 0.8339 £ 0.0003 0.640 £ 0.001

DM-only 5.479 + 0.003 1.0747 £ 0.0004 0.878 £ 0.001
Groups Hydrodynamical 3343 + 0.04 0.5303 £ 0.0002 0.931 £ 0.001

DM-only 7.46 + 0.01 0.7615 £ 0.0003 1.302 £ 0.002

backsplash galaxies are less likely to survive the passage through
a cluster in dark matter-only simulations, as they contribute less to
the number density of galaxies in these simulations. Indeed, we find
that in the dark matter-only simulations, an average of 45 per cent of
galaxies in the radial region [ R5ge ™", 2 R50n "] are backsplash galaxies,
compared to 51 per cent in the hydrodynamical simulations (see
also Haggar et al. 2020).° As this difference in backsplash fraction
is small, it can only explain a small part of the number density
deficit in dark matter-only simulations. At cluster distances greater
than 1.4R50", the difference in number density between the two
simulations is less than 15 per cent, even when including backsplash
galaxies. Within this radius, the increased deficit of galaxies in the
dark matter-only simulations cannot be fully explained by these
missing backsplash galaxies.

Unlike the mass density profiles of these clusters (Mostoghiu et al.
2019), the number density profiles in Fig. 2 are not well described
by an NFW profile (Navarro, Frenk & White 1996), particularly in
the cluster outskirts. This is potentially because of the boundness
criteria we employ, which place strict limits on the velocities of
galaxies in the outer regions of the clusters. However, in the radial
region [0.2, 2.0]R5™", the cluster number density profiles are well
described by an Einasto profile (Einasto 1965; Navarro et al. 2004).
Specifically, we use the form of Springel et al. (2008),

2 r\“
p(r) = poexp <—; K%) —1]) ; 2

where pg, 9, and « are free parameters describing the profile. The
values of these parameters for the radial density profiles of clusters in
both the hydrodynamical and dark matter-only simulations are given
in Table 2. The parameter o describes the curvature of the profile,
and its greater value for the dark matter-only clusters demonstrates
how this profile is shallower near to the centre of a cluster, but drops
off equally steeply at greater radii.

Fig. 3 shows data equivalent to that in Fig. 2, except that instead
of the density profiles of the clusters, it gives the mean radial number
density profile of galaxy groups located in the cluster outskirts,
between [R5pn ™", 5R5 "] from the cluster centre, at z = 0. Groups
that have between 5 and 50 galaxies (including the group host galaxy)
that each satisfy our mass criteria are included. Here, we generate a
KDE for each individual galaxy group, and average these across all
groups in the whole sample of 324 clusters. Throughout our analysis
of the ‘group members’, we exclude the ‘host galaxy’ at the centre
of each group’s host halo.

As is also the case for the clusters in Fig. 2, groups produced
in the dark matter-only simulations have a deficit of subhaloes,
relative to groups in the hydrodynamical simulations. This deficit

SHaggar et al. (2020) give a slightly different value for the average backsplash
fraction in hydrodynamical simulations, as that work includes a galaxy stellar
mass cut.
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Figure 3. Radial number density, p, of galaxies in groups located in cluster
outskirts at z = 0 (top panel). Includes all groups in the radial range
[R;B’(;‘h, SR%UOS’h], consisting of between 5 and 50 galaxies. Light shaded
regions show the lo spread between groups, and dark shaded regions
represent 1o uncertainty in the mean radial number density profile, although
these are mostly too small to be seen. Bottom panel shows fractional residuals.

is strongest in the central regions, and as shown by the residuals in
the bottom panel in Fig. 3, the two profiles agree within uncertainties
in the group outskirts, beyond 2.1R§8’8’h‘ The apparent spike in the
residual at r ~ Z.SR%%'h is due to small number statistics, as there
are very few galaxies at this distance from the group centres. In
the hydrodynamical simulations, we find a very small dependence
of the number density profile on the distance of the groups from
the cluster centre — the number density of galaxies is approximately
20 per cent lower in groups within 2R5e™ of the cluster centre,
compared to those beyond this distance. We find no significant
systematic dependence on the cluster distance in the dark matter-
only simulations. The shapes of the radial number density profiles for
both the hydrodynamical and dark matter-only groups are different
to those of the profiles of the clusters. Generally the cluster profiles
are flatter, with a much shallower decrease in number density beyond
Ry00. However, in the radial region [0.3, 2.0] R%%‘h, the group number
density profiles can also be well described by an Einasto profile —
the parameters of the best-fitting profiles are given in Table 2. As is
also the case for the cluster profiles in Fig. 2, the change in the slope
is sharper in the dark matter-only groups.
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Figure 4. Histogram of radii, R%‘g‘h, of groups with between 5 and 50 mem-
bers, located between R%Lg‘h and SR%JS‘}' from a cluster, in hydrodynamical
and dark matter-only simulations. Solid and dashed vertical lines show the
median group radius in the hydrodynamical and dark matter-only simulations,

respectively.

3.1.1 Masses and radii of groups

We have also investigated whether the radial number density profiles
of groups in the cluster outskirts are dependent on the mass of the
group host haloes, Mf(%’h. The median mass of the host halo for
groups in the cluster outskirts is 10'3 £ %4 ;=1 M, in the dark matter-
only simulations, and 10"32*% =1 Mg in the hydrodynamical
simulations (these error bars represent the 1o spread of the data).
The range of M%S’h is approximately two orders of magnitude, the
range of group masses is [10'>3, 10'*3]1 1! Mg, in the dark matter-
only simulations, and [10'>°, 10'*2] 4~! M, in the hydrodynamical
simulations, for the groups that we have selected (with between 5 and
50 members). We generally find that the number density of galaxies is
less in larger groups, and that the number density profiles are flatter.
In large groups, the radial number density profile becomes closer
to the cluster profile, particularly in the inner regions of the group.
Splitting the galaxy groups into three categories based on halo mass,
we find that the variation in radial number density between the most
massive and least massive groups is relatively small, typically less
than a factor of three.

Although the average mass of group haloes is slightly greater in
our dark matter-only simulations, this is not enough to fully explain
the significantly flatter radial density profile in these simulations. The
difference in average group mass between our hydrodynamical and
dark matter-only simulations is 0.3 dex, which is small compared to
the variation in group mass within each simulation (approximately
2 dex). It is therefore not enough to account for the difference in
number density between the simulations, which is a factor of 10
in the central regions of the groups. We discuss the dependence of
the radial number density on the group halo mass in more detail in
Appendix A.

Naturally, given that groups in the dark matter-only simulations
have slightly greater masses, we also find that these groups have
greater average radii than in the hydrodynamical simulations. This is
shown in Fig. 4; the median radius, R%%’h, for groups of between 5 and
50 members is 0.51%017 A~! Mpc in the outskirts of the dark matter-
only clusters, compared to 0.41717 2 ="' Mpc in the hydrodynamical
simulations (these error bars also represent the 1o spread of the
data). This difference in median radius is equivalent to a 92 per cent
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increase in the median volume of these groups, meaning that although
the number density of galaxies in the group outskirts is the same in
both data sets, this would result in a greater number of galaxies
in the outskirts of dark matter-only groups. Indeed, we find that
the median number of group members outside of REL" is 24 in
the hydrodynamical simulations, and 31"; in the dark matter-only,
demonstrating this increase, although it is much smaller than the
spread in the data. The median total number of group members is the
same in the hydrodynamical and dark matter-only simulations (81’;1
and ng, respectively). The difference in the average group halo
radius is not seen in the radii of the host clusters, R;g}f’h; on average,
there is less than a 1 per cent variation in the radius of each cluster
between the hydrodynamical and dark matter-only simulations.

Fig. 4 also shows that some of the groups, particularly in the
hydrodynamical simulations, have very small radii (<2004~ kpc).
This is due to the fact that we do not apply a lower mass limit to
the group host haloes (besides the 10'*3 4~! Mg mass limit that is
applied to all haloes). Despite this, even the smallest groups that
we identify have REE" ~ 160 h~" kpe, MEP" ~ 10'2 h=! M, and
typically contain approximately five galaxies, which we consider
large enough to still represent physical galaxy groups. In fact, certain
galaxy groups, such as Hickson Compact Groups (Hickson 1982),
can contain similar numbers of galaxies within an even smaller
radius, sometimes less than 50 kpc (Barton et al. 1996).

3.2 Phase space of infalling groups

The results from Fig. 2 show that the inclusion of baryonic material
affects the substructure in galaxy clusters, and Fig. 3 shows that this
effectis even stronger in galaxy groups located in the cluster outskirts.
As described in Section 1, a significant fraction of galaxies within
clusters have previously been members of a group that has since been
accreted by a cluster (Berrier et al. 2009; McGee et al. 2009; Arthur
et al. 2017). Indeed, in our hydrodynamical simulations we find
that over the history of a cluster, an average of (14.2 £ 0.2) per cent
of galaxies that enter R;})uos‘h do so as part of a bound group (this
error represents the uncertainty in the mean; throughout most of
this work we instead quote the spread in the data). For the dark
matter-only clusters, (6.2 £ 0.1) per cent of subhaloes are accreted
as members of groups; this lower fraction is expected, given the
lower number density of group members in the dark matter-only
simulations, shown by Fig. 3. The fraction of galaxies accreted in
hydrodynamical groups is similar to other work that uses similar-
sized hydrodynamical clusters (Arthur et al. 2017), and is in line
with the typical mass fraction found in subhaloes (Gao et al. 2011).
The greater fraction that is found in some other work (e.g. McGee
et al. 2009) is likely caused by their use of different mass limits
for galaxies and the group host (note that we use the same limit for
these).

The accretion of galaxy groups is therefore an important part of
the growth of galaxy clusters, and this has motivated a wide range
of studies into the properties of these groups. For example, Choque-
Challapa et al. (2019) use dark matter-only simulations to identify
groups using the same method as this work, and then look at the
phase space of subhaloes in groups at the time when groups enter
the cluster. They go on to look at the evolution of these groups by
examining which subhaloes remain bound to the group, how this
depends on the position and velocity of group members, and when
subhaloes become unbound from their group host.

However, as we have shown, the structure of groups in dark
matter-only simulations is different to the substructure predicted
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Figure 5. Average phase space distribution of galaxies/subhaloes in groups, at the time of infall, for hydrodynamical (left) and dark matter-only (right) cluster
samples. All groups with between 5 and 50 members are used, across all clusters. Phase space density is the number of galaxies expected in one group, in a

square interval of the phase space, of size [R%%’h, vcir], Where vgir is the circular orbital velocity at a distance of R%%‘h from the group centre. Contours are at

densities of [1, 2, 5, 10] (R%%hvcir)’l in both plots. Red line shows the boundness criterion given by equation (1), meaning that galaxies below this line are

bounded to their group host.

by more physically motivated hydrodynamical simulations. Fig. 5
demonstrates this further, by showing the phase space distribution
of bound satellite galaxies in infalling groups in our sample of 257
dark matter-only (right-hand panel) and hydrodynamical (left-hand
panel) clusters described in Section 2.2. We again note that here we
are looking at groups at the moment when they enter a galaxy cluster
(i.e. the first snapshot at which the group host is inside Rig™),
as opposed to Section 3.1, in which we look at all groups in the
cluster outskirts. The phase space consists of the radial distance of
a galaxy from its host group halo, in units of R%%’h, and its velocity
relative to the group halo, in units of v, the circular orbital velocity
at r = R%%’h. This figure shows a 2D KDE of the stacked phase
space data for all infalling groups across the cluster samples, and is
normalized by the total number of infalling groups in each sample.
As the typical size of a group (~8 members) is small, using a KDE
with an optimized bandwidth allows the mean distribution of galaxies
to be clearly seen.

The phase space of group members in our dark matter-only
simulations is in agreement with the distribution found by Choque-
Challapa et al. (2019), despite their use of lower mass clusters
(~10"h~! Mg), and a lower limit on satellite masses (~1073 7!
Mp). The greatest concentration of subhaloes in this phase space is
close to the line representing the boundness criterion, spread between
approximately 0A7R2‘g(r)%'h and 1.5R§6%’h, with the maximum located at
r= 1.1R§5%’h and v = v,. We also find that there are very few
subhaloes near to the central regions of groups, particularly with low
velocities. Only 9 per cent of dark matter-only groups contain at least
one subhalo with r < O.3R§5%‘h and v < v, (excluding the host halo
at the centre of each group). This is a region that previous work, such
as that of Choque-Challapa et al. (2019), has also shown to contain
few satellites in dark matter-only simulations.

However, carrying out this analysis with the hydrodynamical
simulations, as shown by the left-hand panel of Fig. 5, gives a
different distribution of galaxies. The most prominent region of high
phase space density does not extend as far from the group centres, as it
reaches from 0.6R§(r)%’h to l.lR%&’)'h, with a maximum atr = O.QR%B’h
and v = 1.2v;,. The central regions are also more populated with
galaxies; 33 per cent of hydrodynamical groups have at least one
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Figure 6. Fractional difference of the phase space distributions of group
members in hydrodynamical and dark matter-only simulations, shown in
Fig. 5. The values represent the fractional difference of the greater density
value relative to the lower value, and the colour represents whether the
hydrodynamical or dark matter-only simulations have an excess of galaxies
in this region. These two regimes are separated by the dashed contour at zero,
such that hydrodynamical groups have a greater density of galaxies to the left
of the line, and dark matter-only groups to the right.

galaxy in the central, low-velocity region described in the previous
paragraph.

The differences between the phase spaces are demonstrated more
clearly in Fig. 6. This plot shows the fractional difference between
the phase space density of the hydrodynamical and dark matter-only
simulations, represented by the colours in Fig. 5. In the regions
marked as ‘Hydro. excess’ in Fig. 6, the colour represents the
fractional increase of the hydrodynamical density, relative to the dark
matter-only. Similarly, in the ‘DM-only excess’ regions, the quantity
plotted is the density excess in the dark matter-only phase space,
relative to the hydrodynamical. For example, a value of 1.5 in the
‘DM-only excess’ region would mean that the phase space density
in this region is 150 per cent greater in the dark matter-only groups
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than in the hydrodynamical groups (i.e. 2.5 times the magnitude). The
dashed line marks a contour where the phase space densities are the
same, and clearly divides the phase space into two distinct regions.
At greater distances from the centres of groups (to the right of this
contour), dark matter-only simulations overpredict the abundance of
galaxies in this region of phase space. Meanwhile, closer to the
centres of groups, dark matter-only simulations underpredict the
numbers of galaxies.

Fig. 6 shows that there are more galaxies beyond 1.1REP" in
infalling dark matter-only groups, regardless of the relative velocity
of galaxies. This appears to contradict the results of Section 3.1 and
Fig. 3, which show that the number density of galaxies in the outskirts
of groups is the same in dark matter-only and hydrodynamical
simulations. However, because of the larger RSN" values for dark
matter-only groups, these groups have approximately twice the
volume of hydrodynamical groups, which will lead to twice as many

galaxies in a given radial region, in units of RSy . Indeed, in most of

the phase space with r > RED", the relative excess of dark matter-
only subhaloes is approximately equal to one.

Fig. 6 also shows the excess of galaxies in group centres in the
hydrodynamical simulations. As discussed earlier in this section,
dark matter-only groups are less likely to contain galaxies at very
small radii and with low velocities. This is shown by the large
hydrodynamical density excess: in the region with r < 0.3RED" and
v < v, the average excess is 2.8, corresponding to almost four times
as many galaxies in this region of phase space in the hydrodynamical
simulations. However, there is a similar excess for all galaxies in

these central regions, regardless of their relative velocities.

3.2.1 Resolution effects

As described in Section 2.1 and Table 1, we have also simulated one
of the clusters (referred to as ‘CLUSTER_0002’) from THETHREEHUN-
DRED sample two more times, with a shorter gravitational softening
for stellar particles, and in dark matter-only at a resolution eight
times greater than the standard dark matter-only clusters. These four
simulations of a single cluster, using the same initial conditions
and cosmological code, are shown in Fig. 7. The top two panels
show the dark matter distribution of CLUSTER_-0002 in the two
hydrodynamical runs, and the bottom two panels show the dark
matter-only simulations.

We find that decreasing the softening length in the hydrodynamical
simulation has no significant effect on either the radial profiles in
Section 3.1, or the phase space of members in infalling groups
(Section 3.2), for this cluster. Conversely, comparing the original
and high-resolution dark matter-only runs shows that a change
in resolution does have some effect on our results. For example,
the radii, R%%‘h, of the groups in the cluster outskirts are on
average 11 per cent smaller in the high-resolution dark matter-only
simulation, compared to the original dark matter-only simulation.
However, due to the relatively small sample of groups in the outskirts
of this one cluster, the difference is not significant (~10).

Table 3 shows the number of galaxies within 0.5R5gs " of the centre
of the cluster shown in Fig. 7, and the total number of galaxies found
within 0.5RS" of group centres in the cluster outskirts, for each of
the four simulations. This too is somewhat affected by increasing the
resolution; the high-resolution dark matter-only simulation contains
more subhaloes in the inner region of the cluster, and more subhaloes
in the centres of surrounding groups. However, these increases
that are caused by the greater dark matter resolution are less than
the difference between the hydrodynamical and dark matter-only
simulations. Moreover, the difference in resolution between the
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hydrodynamical and dark matter-only simulations is much less than
a factor of eight (the difference between the standard and high-
resolution dark matter-only simulations), so this slight difference
in resolution cannot fully account for the differences between the
hydrodynamical and dark matter-only simulations seen throughout
this work. Finally, we note that slightly more groups are found in the
cluster outskirts in the high-resolution dark matter-only simulation.
When this is accounted for, the average number of galaxies within
0.5 R%‘(’;h of the centre of a group is actually unaffected by resolution.

This demonstrates that our findings are an effect of the inclusion of
baryonic material, rather than a resolution effect, and the differences
between the four simulations of this same cluster are in fact visible in
Fig. 7. The main features of the cluster are similar in each of the sim-
ulations, although they show some variation, as these plots focus on
the central cores of the clusters (r < 0.7R§g§‘h). Nevertheless, there
are visibly more compact dark matter haloes in the central regions of
the top two panels (showing the hydrodynamical runs), particularly
very close to the cluster centres. There is very little difference in the
substructure produced when increasing the resolution or decreasing
the softening length.

4 DISCUSSION AND IMPLICATIONS

The difference in the distribution of galaxies between hydrody-
namical and dark matter-only simulations clearly has implications
for the study of galaxy groups and clusters via simulations. This
difference could have three main causes. The inclusion of gas
and baryonic physics in the simulations may result in different
substructure forming, both within the cluster itself, and in groups
in the cluster outskirts. Alternatively the difference could be due to
systematic issues with the halo finder (in our case, AHF), which then
impact the halo catalogue that it produces. Finally, the presence of
baryonic material may alter the properties of dark matter haloes,
making them more likely to survive in certain environments.

Tidal stripping can cause the mass of a dark matter halo to decrease
on entering a larger halo, while having a more minor effect on the
baryonic material at the centre of such haloes (Smith et al. 2016).
A future study (Mostoghiu et al., in preparation) will investigate
this using TheThreeHundred simulations. Previous work has also
indicated that the ratio of stellar mass to halo mass is greater
for backsplash galaxies, which have experienced the environmental
effects of a cluster in their past, indicating the stripping of their dark
matter haloes (Knebe et al. 2011a; Haggar et al. 2020). Furthermore,
tidal effects were partly responsible for the overmerging problem, as
seen in early simulations (Moore et al. 1998). If these tidal effects are
enhanced in dark matter-only simulations relative to hydrodynamical
simulations, this could result in a drop in the number density of
galaxies in denser regions, causing the deficit of galaxies seen in the
centres of groups and clusters.

However, there are a number of issues with this. As tidal effects are
aresult of the gravitational potential of host groups and clusters, they
are present in hydrodynamical simulations, as well as other stripping
mechanisms such as ram pressure stripping (Arthur et al. 2019). This
would cause gas to be stripped from galaxies in groups and clusters,
as well as dark matter, potentially leaving a fully stripped galaxy core
that consists mostly of stellar material. Such objects would not be
found in a dark matter-only simulation, and so would indeed lead to a
deficit of galaxies. However, as described in Section 2.3, we remove
all galaxies from the hydrodynamical simulations that have more than
30 per cent of their mass contained in stellar particles, corresponding
to about 1 per cent of all objects within SRS},L})S’}’ of the clusters. This
would remove these heavily stripped galaxies, meaning that they
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simulations. Note the visibly greater number of compact dark matter haloes within 0.3R;,;"" in the panels representing the hydrodynamical runs.

Table 3. Number of galaxies within 0.5R
the clusters in Fig. 7, and total number of galaxies within 0.5 R,
of groups around these clusters. Note that using a high-resolution
dark matter-only simulation does increase these quantities relative
to the regular dark matter-only simulation, but less so than using

hydrodynamical simulations.

clus,h
200

of the centres of
arp.h
200

Simulation NG < 05RSS™ NG < 0.5RED"
Hydrodynamical 264 35
Reduced softening 258 35
Dark matter-only 86 14
High-res. DM-only 198 23
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would be absent in both the hydrodynamical and dark matter-only
simulations.

Furthermore, we note that the deficit in subhaloes in dark matter-
only groups is similar at all velocities in the group centre. This
includes high-velocity galaxies that are likely near pericentre of a
radial orbit, moving quickly from the group outskirts into its dense
central region, as well as low-velocity galaxies, which are on roughly
circular, bound orbits near the middle of the group. Assuming an
inside—out formation history of groups (van der Burg et al. 2015)
implies that these low-velocity galaxies joined their host group at
an earlier time in its history, when it was less massive, and have
since settled into virialized orbits. Consequently, we would expect
these low-velocity galaxies to be less affected by tidal effects than
those entering the group at a later time. This is not the case, as
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we see that galaxies are more prevalent in the hydrodynamical
simulations, regardless of their velocities. Additionally, the right-
hand panel of Fig. 5 shows that very low velocity central galaxies
(r < 0.3R§5%’h, v < 0.5v,) are almost completely absent in dark
matter-only simulations, despite these galaxies being less affected
by tidal effects. This indicates that tidal effects are not playing a
strong role in changing the number density of galaxies in group and
cluster centres. However, the large deficit of extremely high velocity
haloes (v 2 2v,) in the dark matter-only simulations could indeed
be a result of tidal effects. Similarly, the (small) deficit of backsplash
galaxies around our dark matter-only clusters could also be due to
tidal effects, as backsplash galaxies are known to follow highly radial
orbits and so experience strong tidal forces (Knebe et al. 2020).

In spite of this, previous work has found results analogous to ours
that have been largely attributed to tidal forces. Libeskind et al. (2010)
compare two simulations of a system similar to the Local Group,
simulated from the same initial conditions in both dark matter-only,
and with full hydrodynamics. They too find that subhaloes are more
concentrated in the centres of host haloes in their hydrodynamical
simulation. The reason provided for this is that the dense baryonic
region at the centre of hydrodynamical haloes restricts the tidal
stripping of the dark matter halo. This leads to stronger dynamical
friction in the hydrodynamical simulation, resulting in these objects
being dragged towards the centre of their host, and increasing the
galaxy number density. While this may partially explain the results
in our work, it would also lead to a drop in the total masses of galaxy
haloes in the dark matter-only simulations. In fact, we find that the
cumulative halo mass functions for our hydrodynamical and dark
matter-only clusters do not differ by more than 25 per cent, between
My = 10'%5 h=! Mg and M,oy = 103 h~! Mg, This indicates that,
although the mechanism described by Libeskind et al. (2010) may
partially contribute to the results in this work, the effect does not
seem to be strong enough to fully explain the differences in density
that we find in groups and clusters.

An alternative explanation for the trends seen in this work is a
numerical effect that the inclusion of baryonic material will alter
the effectiveness of halo finders that are used in simulations. Most
galaxy halo finders are based off of one of two principles; typically,
they detect the centres of galaxy haloes by either searching for local
peaks in a density field, or by finding groups of particles that are
close together, either in physical space or phase space (see Knebe
etal. 2011b for a far more extensive overview). Both of these general
methods rely on locating a dense halo centre, and then expanding
from this to determine the extent of the galaxy halo.

Consequently, the presence of a dense region of star and gas
particles at the middle of a dark matter halo will benefit both of these
types of halo finder, as this will help a halo satisfy the conditions to
become a seed for the halo finder to use. However, this non-physical
explanation is unlikely to be the only cause of the difference between
the simulations. Our third explanation, that the dense central region of
baryonic material can also have a physical effect on the dark matter,
is strongly supported by both this work and previous studies in the
literature. As described by Blumenthal et al. (1986) and van Daalen
et al. (2011), this dense baryonic region can increase the steepness
of the dark matter density profile in a halo centre. This would indeed
enhance the ability of a halo finder to detect the halo, but because
of a physical difference in the simulations, not simply a numerical
effect. The initial step in AHF involves using a refined grid to locate
peaks in the density field (Knollmann & Knebe 2009), and so if
these peaks are less sharp in a dark matter-only simulation, detection
of galaxies near to the centres of groups will be more challenging.
These subhaloes may instead be included as part of the group halo,
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potentially contributing to the greater sizes of group haloes in dark
matter-only simulations, as shown in Fig. 4.

We stress that, due to the nature of most halo finders, this effect is
not unique to the halo finder used in this work. The visible differences
between the simulations in Fig. 7 show that the baryonic material
is also having a physical impact on the dark matter, and so this
is not purely a numerical effect. Similar effects would likely be
observed with many other halo finders used widely in cosmological
simulations. For example, Knebe et al. (2011b) examine 16 different
halo finders in a dark matter-only cosmological volume, and find
that the cumulative halo mass functions predicted by these agree
to within ~10 per cent over nearly four orders of magnitude, from
My =2 x 10" A~ Mg to My = 105 h~! Mg. Onions et al.
(2012) find a similar result in a lower mass regime, instead studying
the effectiveness of 11 halo finders at detecting subhaloes within
a Milky Way-sized dark matter halo. They too find a variation of
approximately 10 per cent in the cumulative halo mass function, this
time between May = 6 x 10°h~' Mg and Myy = 10'°h~! M.
They also demonstrate that this result still holds in the dense, central
regions of the galaxy halo.

For the specific example of infalling galaxy groups that we have
investigated in Section 3.2, we show that the tools typically used to
analyse simulation data lead to different views of the composition
of galaxy groups depending on the inclusion of baryonic material,
which is not immediately obvious. This difference in the composition
of groups will affect conclusions relating to their evolution. For
example, Choque-Challapa et al. (2019) determine, amongst other
results, the fraction of galaxies that become unbound from infalling
groups in dark matter-only simulations, and how this depends on the
position/velocity of galaxies relative to their group host. However,
our work adds a caveat to results such as these. We show that dark
matter-only simulations underestimate the fraction of central, low-
velocity galaxies, which are more likely to remain bound to infalling
groups. We plan to build on the work in Section 3.2 in a follow-up
paper, using hydrodynamical simulations to investigate the infall of
these galaxy groups, study how the dynamical properties of their
constituent galaxies change during infall, and how this depends on
the properties of the group.

5 CONCLUSIONS

In this work, we have examined the differences in galaxy cluster
substructure produced by hydrodynamical and dark matter-only
simulations. We make this comparison by using a suite of hydro-
dynamical and dark matter-only simulations, to obtain two cluster
samples that use the same cosmology, initial conditions, simulation
codes, and analysis. We then use the specific example of the phase
space of infalling galaxy groups to investigate how the analysis
of cluster simulations could be affected by these differences. Our
findings are summarized below.

(1) Apart from the outskirts of galaxy groups and clusters, where
the number density of galaxies is below ~1 Mpc~3, dark matter-
only simulations underestimate the radial number density profiles of
galaxies in clusters, and in groups located in cluster outskirts. It is
only at distances beyond ~2R;(, from the centres of groups/clusters
that the profiles are indistinguishable.

(i1) Closer to the centres of groups and clusters, the deficit of
galaxies in dark matter-only simulations increases. At r = 0.1R;
in clusters, the number density of galaxies is four times greater
in hydrodynamical simulations. At the same distance in groups
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(scaled by Ryy), the average number density is 10 times greater
in hydrodynamical simulations.

(iii) In galaxy groups that are entering a cluster, the deficit of
galaxies in dark matter-only simulations is particularly pronounced
when considering galaxies close to the group centre, with either high
or low velocities relative to their group host. In some regions of the
position-velocity phase space, there are up to five times as many
galaxies in an average hydrodynamical group.

(iv) The presence of a dense region of baryonic material in the
centres of hydrodynamical haloes, and the increased central density
of dark matter caused by this, means that galaxies produce a sharper
peak in the density field within hydrodynamical simulations. The
increased prominence of overdensities, and hence the increased con-
trast of galaxies against their host group, makes them easier for halo
finders to detect in hydrodynamical simulations. The consequences
of this are the discrepancies between the two simulation types that
we describe in this work.

The results from Section 3.2 show that infalling galaxy groups
appear less compact when using dark matter-only simulations,
compared to more physically motivated hydrodynamical simulations.
This will affect the evolution of these groups, and the fate of group
members after the infall of their host group, as previous work has
shown that compact groups appear more likely to survive cluster
infall (Choque-Challapa et al. 2019). We will investigate this, using
hydrodynamical simulations, in a follow-up paper.

However, this work has wider implications for cosmological
simulations. We show that the use of dark matter-only simulations,
either as an approximation of a full-physics simulation, or as a
framework for techniques such as semi-analytical modelling or halo
occupation models, may need to be adjusted. Many semi-analytical
models already account for similar effects, by including ‘orphan
galaxies’ in their catalogues; these are subhaloes that have been
heavily stripped or disrupted as they approach the centre of their host
halo, and so can no longer be located in the simulation (Contini &
Kang 2015; Pujol et al. 2017; Cora et al. 2018). Similar methods
have been used in halo occupation models, to find orphan galaxies
and to adequately populate clusters with satellite galaxies (Carretero
et al. 2015; Guo et al. 2016).

Despite this, such methods are not widely used in dark matter-only
simulations, and as we show, this can potentially lead to different
conclusions regarding the structure and composition of groups and
clusters. As a minimum, the caveat that dark matter-only simulations
produce incomplete halo catalogues in dense cosmological regions
must be included. Further to this, corrections need to be made to
work involving dark matter-only simulations, to account for the fact
that observational surveys of groups and clusters will find a greater
population of central galaxies than predicted by these simulations.
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APPENDIX A: DEPENDENCE OF NUMBER
DENSITY PROFILE ON GROUP MASS

In Section 3.1.1, we briefly discuss the effect of group host halo mass
on the radial number density of galaxies within the group, for groups
in the outskirts of a cluster (as shown in Fig. 3).

In both the hydrodynamical and dark matter-only simulations,
the range of group halo masses is approximately two orders of
magnitude. To investigate the effect of group mass on the radial
density profiles of the groups, we split each sample of groups into
three mass bins, each containing approximately equal numbers of
groups. We then compare the radial number density profiles of groups
in each bin, for the hydrodynamical and dark matter-only simulations.

This is shown in Fig. Al. We find that the difference in radial
number density between the high-mass and low-mass bins is less
than a factor of 2.5 at all radii in the dark matter-only simu-
lations. In the hydrodynamical simulations, the maximum differ-
ence between the two mass bins is a factor of four, but only in
the very centres of the groups. This is a significant difference,
but is less than the difference between the hydrodynamical and
dark matter-only simulations, which reaches a maximum of a
factor of 10. It is therefore unlikely to affect the conclusions of
this work.
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Figure Al. Radial number density of galaxies in groups (as in Fig. 3), for hydrodynamical and dark matter-only simulations, split by group host halo mass. For
each class of cluster simulations, we split the groups into three mass bins, with approximately equal numbers of groups in each bin; these mass bins are shown
in the legend. Shaded regions represent the uncertainty in the average density profile. For clarity, the spread of the data for each sample of groups is not shown.
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Figure A2. Radial number density of galaxies in groups located in cluster outskirts at z = 0 (top panels). These plots show the same data as Fig. 3, but split into

three mass bins, each containing approximately one third of the groups in the radial range [R;gi)s’h, SR%UOS‘h] around a cluster. For hydrodynamical simulations,

the low, medium, and high-mass groups are those with a group host halo mass, Mzggg’h, in the ranges (<1039 =1 My), ([10'395, 1013412~ ! M), and
(>10134 p~1 Mp), respectively, as shown in Fig. Al. For dark matter-only simulations, the mass bins are (<1033 p~1 Mo), ([1013:3, 1013-65] 1 Mp), and
(>10"395 =1 M,). Shaded regions represent 1o uncertainty in the mean radial number density profile, although these are mostly too small to be seen. Bottom
panel shows fractional residuals (the ratio of the hydrodynamical and dark matter-only profiles, as defined in Section 3.1).

Most importantly, when comparing mass bins between the sim- described in Section 3.1. The same trend is seen when comparing
ulations, the same trend is seen as in Fig. 3, for each of the like-for-like mass bins (i.e. when comparing groups with halo masses
three mass bins. As Fig. A2 shows, when considering either low, in the range [10'3°, 10"*5]h~! My, in both the hydrodynamical and
medium, or high-mass groups in the cluster outskirts, the number dark matter-only simulations).
density of galaxies, p, is consistently greater in the hydrodynamical This shows that the mass of a group does impact the number
simulations. The difference is slightly greater in the smallest groups, density of galaxies within the group. However, it also demonstrates
but even in groups with large masses, the number density of galaxies that this effect is substantially smaller than the difference caused by
in the centre of hydrodynamical groups is seven times greater than the inclusion of baryonic material within the simulations.

in dark matter-only groups. This is shown by the fractional residual

at the bottom of each plot — these are calculated in the same way as
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