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ABSTRACT

Cluster number counts at visible and IR wavelengths will be a key cosmological probe in the next decade thanks to the Euclid
satellite mission. For this purpose, the performance of cluster detection algorithms, which at these wavelengths are sensitive to the
spatial distributions of the cluster galaxy members and their luminosity functions, need to be accurately characterized. Using THE
THREE HUNDRED hydrodynamical and dark-matter-only simulations, we studied a complete sample of massive clusters beyond 7
(5) x 10" My, at redshift 0 (1) on a (1.48 Gpc)® volume. We find that the mass resolution of the current hydrodynamical simulations
(1.5x 10° M,) is not enough to characterize the luminosity function of the sample in the perspective of Euclid data. Nevertheless,
these simulations are still useful to characterize the spatial distribution of the cluster substructures assuming a common relative
mass threshold for the different flavours and resolutions. By comparing with the dark-matter-only version of these simulations, we
demonstrate that baryonic physics preserves significantly low-mass subhalos (galaxies), as has also been observed in previous studies
with less statistics. Furthermore, by comparing the hydro simulations with higher resolution dark-matter-only simulations of the same
objects and taking the same limit in subhalo mass, we find galaxy density profiles that are significantly more cuspy towards the
centre of the clusters, where the low-mass substructures tend to concentrate. We conclude that using a dark-matter-only simulation
may lead to some biases on the spatial distribution and density of galaxy cluster members. Based on the preliminary analysis of few
high-resolution hydro simulations we conclude that a mass resolution of 1.8 x 10® 2~! M, will be needed for THE THREE HUNDRED

simulations to approach the expected magnitude limits for the Euclid survey. These simulations are currently under way.

Key words. methods: numerical — galaxies: clusters: general — galaxies: luminosity function, mass function —

large-scale structure of Universe

1. Introduction

The abundance of clusters of galaxies (Press & Schechter
1974) constitutes a major cosmological probe (Allen et al.
2011) for the next generation of large-scale structure surveys
like the one expected from the Euclid satellite (Laureijs et al.
2011). The number of clusters per unit of mass and redshift
is driven by cosmological parameters as the dark matter and
dark energy densities, €, and Q,, as well as the rms of the
linear matter fluctuations at 8 Mpc scales, og, via the halo mass
function, which can be computed from numerical simulations
(e.g. Tinkeretal. 2008). A large number of studies have
been performed with multi-wavelength observations of galaxy
clusters confirming their potential as cosmological probes
in X-ray (Liuetal. 2022; Pacaudetal. 2018; Adami et al.
2018; Bohringer et al. 2017), in the optical (Abbott et al. 2020;
Drlica-Wagner et al. 2018; Maturi et al. 2019), and via the
thermal Sunyaev-Zeldovich effect (tSZ, Hiltonetal. 2021;
Bocquet et al. 2019; de Haan et al. 2016; Bleem et al. 2015;
Planck Collaboration XXIV 2016; Planck Collaboration XX
2014). Nevertheless, to date cluster cosmological constraints
seem to be dominated by systematic effects related to the
observational characterization of their mass (see summary in

Pratt et al. 2019) and redshift (e.g. Benitez 2000, and references
therein).

One key aspect for cluster cosmology is the determination
of the selection function (SF) of the survey, which gives the
probability of finding a cluster at a certain mass and redshift
(see e.g. Adam et al. 2019, and references therin). The SF is
an intrinsic characteristic of the cluster survey and depends on
the cluster finder algorithm, the observational and quality cuts,
the characteristics of the survey, and the chosen observables to
estimate the cluster mass (X-ray emission, tSZ effect, richness,
lensing, velocity dispersion) and redshift (photometric or spec-
troscopic). The SF can be estimated from simulations either from
full mock galaxy catalogues including clusters and field galax-
ies, or from individual simulated clusters that are injected in the
observed galaxy survey (e.g. Sartoris et al. 2016; Maturi et al.
2019; Adam et al. 2019; Rykoff et al. 2014). In both cases real-
istic physical properties of the clusters are needed over large
ranges in mass and redshift and for a large variety of physical
conditions.

For cosmological studies large sky volumes are needed.
However, it is very difficult to produce full hydrodynamic sim-
ulations with sufficient resolution for such large volumes. A
possible solution to this problem is the ‘zoom-in’ technique,
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as adopted by THE THREE HUNDRED collaboration (Cui et al.
2018). For this project a large cosmological volume is simulated
by an N-body dark-matter-only simulation, and full-physics sim-
ulations are performed, but only in the regions where a galaxy
cluster is found. To have enough statistics it is necessary to
run a large number of independent simulations (324 regions for
THE THREE HUNDRED). From these simulations cluster proper-
ties can be derived and used to complement large volume dark-
matter-only simulations (de Andres et al. 2023). Alternatively,
the individual cluster simulations and derived cluster proper-
ties can also be used to create synthetic clusters, which can be
injected in real datasets.

Within the perspective of cluster cosmology with the next
generation of optical and infrared large-scale structure surveys,
and in particular of the Euclid satellite mission, we concentrate
in this paper on the study of cluster member galaxies in THE
THREE HUNDRED. We consider their luminosity function and
spatial distribution, which are expected to drive cluster detec-
tion algorithms (Adam et al. 2019). In Sect. 2 we describe THE
THREE HUNDRED data used. In Sect. 3 we discuss resolution
effects in the determination of the luminosity function. In Sect. 4
we present results in the spatial distribution of cluster galaxy
members. We finally conclude in Sect. 5.

2. THe THree Hunpbrep data
2.1. THE THRee HuNDRED simulations

THE THREE HUNDRED simulations were derived from the
MDPL2 MultiDark Simulations (Klypin et al. 2016). The lat-
ter consist in a 147! Gpc cube containing 3840° dark matter
(DM) particles with a mass of 1.5x10°2~! My each. Once
the dark-matter-only simulations are performed, a cluster finder
algorithm is run. In this case we used the ROCKSTAR halo
finder (Behroozi et al. 2012), which looks for dark matter halos.
A total of 324 spherical regions were extracted from the halo
finder results, selecting as the centre for these regions the posi-
tion of the most massive halo at redshift z = 0. The radius of
each spherical region is 15/4~! Mpc; this is much larger than
the virial radius of the central cluster, which is the radius that
encloses the mass that corresponds to approximately 98 times
of the critical density of the Universe (at z = 0), as given
by the spherical collapse model. The phase space initial con-
ditions for the 324 selected regions are used to perform the
zoomed re-simulations. For the study presented in this paper,
the 300th collaboration ran these simulations in four different
flavours based on the GIZMO-SIMBA code (Cui et al. 2022),
which can generate both dark-matter-only or hydrodynamical
simulations. The GIZMO-SIMBA code is based on the meshless
finite mass (MFM) method. The MFM is a Langrangian method
for hydrodynamics based on a kernel discretization of the vol-
ume coupled to a high-order matrix gradient estimator and a
Riemann solver acting over the volume ‘overlap’, first proposed
by Hopkins (2015). In the case of hydrodynamical simulations
the GIZMO-SIMBA code applies the following baryonic physics
models:

— The gas treatment consists of a homogeneous UV
background (Haardt & Madau 2012) accounting for self-
shielding on the fly (Rahmatietal. 2013) and gas metal
dependent cooling (Smith et al. 2017).

— Star formation and stellar feedback are included using a stel-
lar model by Davé et al. (2016) and a galactic stellar and sub-
stellar initial mass function by Chabrier (2003). Decoupled
two-phase winds with mass loading factor scaling with stel-
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lar mass and a wind velocity limit in jet mode of 7000 km s~

are also implemented.

— Finally, GIZMO-SIMBA includes black hole seeding
and growth and active galactic nuclei (AGN) feedback
(Davé et al. 2019).

2.2. Dataset

For this paper we used four different flavours of THE THREE
HUNDRED simulations depending mainly on the resolution and
on the physics used to re-simulate the cluster regions:

— LR_DMONLY Dark-matter-only simulations with a dark mat-
ter particle resolution of 1.5 x 10° h=! M.

— HR_DMONLY Dark-matter-only simulations at high resolu-
tion. They have twice as many particles per dimension than
the LR_DMONLY for a total of 7680° particles, and conse-
quently eight times less mass per particle, 1.8 x 108 41~! M,
each.

— LR_HYDRO Full-physics hydrodynamics simulations at the
resolution of the LR_DMONLY.

— HR_HYDRO Full-physics hydrodynamics simulations at the
resolution of HR_DMONLY. For these simulations we only
have five regions, due to the high computational cost.

Once the regions are re-simulated, they are analysed by the
Amiga Halo Finder (AHF; Knollmann & Knebe 2009), produc-
ing a catalogue with the halos found within the different regions.
In the case of hydrodynamical simulations, for each halo dif-
ferent properties are computed, such as its radius Rogp', mass
M, density profile, and galaxy luminosities for several spec-
tral bands covering from far-UV to radio. The galaxy luminosi-
ties are computed from the identified stars of the AHF finder
using the STARDUST code (Devriendt et al. 1999, and refer-
ences therein for more details). The spectral energy distribution
(SED) of each galaxy is convolved with the bandpass of each
photometric filter to compute the galaxy luminosity (Cui et al.
2018). In the case of dark-matter-only simulations we have the
same properties except those related to baryonic physics (e.g.
stellar mass and luminosities). Each halo can have smaller halos
gravitationally bound to it, which we call subhalos, with their
own properties. The more massive and central halo is known as
the host halo. A low-mass threshold of 8x 10'* /™! My atz = 0is
imposed for the central halo. For each simulation flavour the final
data consists of a halo and substructure catalogue per region.

2.3. Identifying galaxy cluster members.

To define a galaxy, first we consider a mass threshold for the
subhalo mass for each of the four simulations. This translates
into a mass resolution limit. We note that we consider the par-
ticle mass instead of the number of particles as our threshold
because for the different simulations the particle mass is differ-
ent. Thus, the same number of particles does not translate into
the same subhalo mass. Taking into account the particle mass
and the simulation resolution we adopt the following cuts:

— For LR_DMONLY we consider 3 x 10'°4~! M, as the lower
limit. This is equivalent to considering that the substructure
is formed by at least 20 dark matter particles.

— For HR_DMONLY considering the same mass threshold as
for the low-resolution leads to at least 160 dark matter par-
ticles because the resolution is eight times higher. Since the

! Radius at which the mean spherical density of the cluster is 200 times
the critical density of the Universe at the cluster redshift.
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resolution is significantly higher, we can vary this threshold
with respect to the low-resolution. So to check the resolution
effects, we chose a mass threshold of 9 x 10° 4~! M, corre-
sponding to 50 dark matter particles.

— LR_HYDRO shares resolution with the LR_DMONLY case.
However, the particle mass is different because in this case
we have dark matter particles and gas particles. This means
that the same mass threshold between LR_DMONLY and
LR_HYDRO does not translate into the same number of par-
ticles. A hydrodynamical simulated structure can have the
same mass as a dark-matter-only structure, but without dark
matter particles. We have to ensure that a galaxy has dark
matter particles. For this reason we apply, in addition to
the mass threshold, a threshold for the number of particles.
Thus, we consider a mass threshold of 3 x 10'°4~! M, (as
for the LR_DMONLY case) and a minimum number of parti-
cles threshold of 10. In this way we ensure the presence of
dark matter components in the baryonic structures, and also
a minimum mass to have enough resolution.

— HR_HYDRO shares resolution with the HR_DMONLY case.
So, as in the latter, we chose a mass threshold of
9x 10° h~! M,. However, following the reasoning of the
LR_HYDRO case, instead of having a minimum of 50 dark
matter particles as for HR_DMONLY we chose 30 dark mat-
ter particles.

The next step is to identify for each re-simulated region the sub-
structures (galaxies) associated with the halos (clusters). The
output of the AHF algorithm is a list of structures with their
associated physical properties, for example the total, gas, and
stellar mass, as well as the halos to which they are gravita-
tionally bound. For each cluster we define as galaxy members
those structures bound to it. After this process, our dataset is
formed by a list of clusters with galaxies bound to them. In the
case of hydrodynamical simulations, we also need to check the
mass ratio of the dark matter to the stellar content of the galaxy.
The mass of a real galaxy comes mainly from the dark matter
halo surrounding the stars and gas, so we impose that the stellar
mass component is not higher than 30% of the total mass of the
galaxy. We finally get rid of contaminated low-resolution par-
ticles that initially were outside the region of interest in order
to maintain only well-resolved structures. Hereafter we use sub-
halos and substructures interchangeably to refer to galaxies; the
same applies to halos and clusters to refer to galaxy clusters.

limit for Euclid.

3. Resolution effects
3.1. Luminosity function

As discussed above, a key property for the detection of clus-
ters of galaxies in large-scale structure surveys is the luminosity
function (LF), defined as the projected density of galaxies per
unit of magnitude (see Adam et al. 2019, for discussion). We
therefore computed the LF for the LR_HYDRO simulations as
shown in Fig. 1 (black dots and associated uncertainties). For
simplicity we considered in the figure only the clusters at z = 1.
To ease the comparison to the results on the Mock Euclid cata-
logue presented in Adam et al. (2019), we computed the LF for
apparent magnitudes in the H-band. First of all, we observe a
clear deficit of galaxies at faint magnitudes with a clear drop
at magnitude 22. This is even more obvious when trying to fit
a Schechter model to the data via a MCMC analysis following
Adam et al. (2019). The dark and light grey shaded areas in the
figure correspond to the 1o~ and 20 uncertainties over the best-fit
Schechter model, respectively.

The observed drop in the number of faint galaxies is most
probably due to a lack of resolution in the LR_HYDRO simula-
tions. To test this hypothesis, THE THREE HUNDRED collabo-
ration has produced five HR_HYDRO simulations (see Sect. 2).
We show as red dots in Fig. 1 the LF for several clusters in
the HR_HYDRO simulations. We computed the LF as for the
LR_HYDRO simulations and also fitted it to a Schechter model.
We observe that the LF reaches a maximum magnitude of 24,
which corresponds to the observational limit (green vertical line
in Fig. 1) expected for Euclid (Laureijs et al. 2011). We also
observe larger uncertainties, as only five regions are consid-
ered, but no drop in the number of galaxies. Furthermore, the
Schechter model seems to be a good fit to the data, as expected.
We observe fainter galaxies for the LR_HYDRO simulations most
probably due to the lack of statistics in the HR_HYDRO simu-
lations. To check this, we show as blue dots in Fig. 1 the LF
for the LR_HYDRO simulations for the same five regions as the
HR_HYDRO simulations. We observe that the fainter part of the
LF agrees between the two resolutions. From these results we
conclude that the resolution of the LR_HYDRO simulations is not
enough to study the properties of the LF of clusters for the next
generation of large-scale structure surveys such as Euclid. Pro-
ducing HR_HYDRO is computationally very expensive, and so
for this paper we only used five regions. In the following we use
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Table 1. Definition of the cluster mass bins used for the analyses pre-
sented in the main text.

Mass bin  Cluster mass [10' 47! M)
MBI1 1.0< M5y <3.5
MB2 3.5<My<7.0
MB3 T7.0< Mpp <10
MB4 10 < My < 100

Notes. The interval in mass considered is in units of 10" A~! M,,.

them for qualitative comparison and limit our quantitative anal-
ysis to the LR_HYDRO, LR_DMONLY, and HR_DMONLY simula-
tions.

3.2. Subhalo mass function

The subhalo mass function gives the number of halo member
galaxies (subhalos) of a given mass, relative to the mass of the
halo. The final mass resolution of the simulation will imprint in
the subhalo mass function as a deficit of low-mass subhalos.

To compute the subhalo mass function we first divided our
sample into four bins in mass as described in Table 1. These were
defined at redshift zero so that we can have bins as narrow as
possible in mass (to ensure equivalent properties for the clusters
in the bin), while preserving sufficient statistics per bin. We show
in Fig. 2 the mass distribution of the selected clusters for the six
redshift snapshots considered in this paper. The mass histograms
for the LR_HYDRO, LR_DMONLY, and HR_DMONLY simulations
are displayed in green, blue, and orange, respectively. On the
one hand, we find that the mass distribution at each redshift is
very similar for the three simulation flavours. On the other hand,
we observe that at high redshift the number of massive clusters
decreases significantly, as expected. This increases the number
of clusters for the lowest mass bins.

The resolution effect in the subhalo (galaxy) mass function
can be clearly observed in Fig. 3. For the four bins in mass and
at redshift zero we present the cumulative galaxy mass func-
tion for the four simulation flavours. We used all the available
regions for each of the simulation flavours. The shaded regions
displayed in the figure are obtained for each flavour from the
mean and dispersion of the galaxy mass function of individual
clusters in the mass bin. We plot the total number of substruc-
tures (galaxies or subhalos) per halo (cluster) with relative mass,
Miubstruct/ Mhato, higher than a certain threshold. For the second
mass bin the HR_HYDRO simulation has no cluster because of
the low statistics (only five regions available).

In terms of resolution, for very low-mass subhalos we find
significant differences: high-resolution simulations show more
subhalos at low mass than their respective low-resolution sim-
ulations. However, the subhalo mass function for the four sim-
ulation flavours are very similar at intermediate masses, and at
high mass they converge into very similar distributions within
the variance. We note that the HR__ HYDRO simulations are shown
only for qualitative comparison because of the lack of statis-
tics. These two effects can be explained by the fact that low-
mass substructures cannot be formed unless sufficient resolution
is attained.

We also observe some physical effects. For the LR_HYDRO
simulation we can see for all mass bins more galaxies than for
the LR_DMONLY simulation. This is probably due to baryonic
physics, which diminishes the ripping out of the objects because
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of cooling down processes of the gas, and so permits keeping
a greater number of less massive galaxies. The increase in res-
olution in the HR_DMONLY simulations also tends to increase
the number of low-mass substructures (galaxies). However, we
observe how the total number of substructures is the same
between the HR_DMONLY simulations and the LR_HYDRO sim-
ulations.

3.3. Redshift evolution of the subhalo mass function

We show in Fig. A.l1 the cumulative subhalo mass function
for the LR_HYDRO, LR_DMONLY, and HR_DMONLY simula-
tions for the six redshift snapshots considered. They were com-
puted as for Fig. 3. These cumulative galaxy mass functions can
be well approximated by a power-law function, as in Dolag et al.
(2009),

N, =N_4 (Msub/Mcluster)a P (1)

where N_4 is a normalization, « 1is the slope, and
Mupsiruct/ Melusier 18 the ratio of the virial mass of the sub-
structures (galaxies) to that of their host halo. To obtain the
best-fit parameters we performed least-squares fits of the
mean value accounting for the uncertainties computed from
the dispersion across clusters. In addition, we also performed
a fit of the cumulative galaxy mass function per cluster and
we computed the dispersion of the best-fit parameters across
clusters for each bin in mass and for each redshift slice.

We present in Fig. 4 the evolution with redshift for both the
normalization (left column) and the slope (right column) best-fit
parameters for the four cluster mass bins discussed above (from
top to bottom). The coloured dots represent the best-fit param-
eters for the four simulation flavours: LR_HYDRO (orange),
LR_DMONLY (blue), and HR_DMONLY (green). The uncertain-
ties are computed from the dispersion of the power-law fit of the
3D cumulative galaxy mass function distribution per cluster, and
from the intrinsic uncertainty on the fit of the mean cumulative
galaxy mass function, as discussed above. We observe no evo-
lution with redshift for the two parameters, as was already the
case in Dolag et al. (2009). However, we observe in average a
slight increase in the slope with cluster mass. This is more obvi-
ous in Table 2 where we present the redshift averaged slope and
uncertainties for the four bins in mass.

3.4. Resolution cuts on the subhalo mass function

As discussed above, the subhalo mass function is very similar
for the four simulations flavours apart from resolution effects
(see Fig. 3). The latter affects the LR_DMONLY simulations more
severely than the LR_HYDRO simulations. Comparing these two
flavours in the following would require applying a cut on the
minimum mass of the galaxies considered to avoid resolution
effects in the LR_DMONLY simulations. A better alternative is to
compare HR_DMONLY and LR_HYDRO simulations by applying
a cut derived from the latter.

For this we computed for the LR_HYDRO simulations the
minimum (Mupsiruc / Mhalo) Value for which resolution effects are
not significant,

||[NLR-HYDRO | o (NLR_HYDRO) -1 > 0.1,

where NMRHYDRO jg the subhalo mass function for the
LR_HYDRO simulations. The mass cuts found are given in
Table 3 for each bin in mass and for each redshift slice. These
mass cuts are applied in the rest of this paper when comparing
the properties of the LR_HYDRO and HR_DMONLY simulations.
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4. Galaxy density distribution

We study now the distribution of cluster galaxy members. For
this, we concentrate on the LR_HYDRO and HR_DMONLY sim-
ulations to minimize resolution effects, while preserving suffi-
cient statistics (number of cluster regions). We apply the galaxy
relative mass cuts presented in Table 3. This should ensure a
fair comparison both in terms of statistics and resolution. We
note that in most cases dark-matter-only simulations can be

(d)

MB4.

used to assess cluster detection algorithm performance (see e.g.
Adam et al. 2019).

4.1. Galaxy number density radial profiles

To assess the distribution of cluster galaxy members we com-
pute galaxy density radial profiles for each of the identified clus-
ters. We use equally spaced logarithmic radial bins in Rygo units

A257, page 5 of 13
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Fig. 4. Redshift and mass evolution of the param-
eters from the power-law fit of the 3D cumulative
galaxy mass function. The left column represents
the normalization N_, and the right column the «
parameter, for z = 0 up to z = 1.0. From top to bot-

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4

so that we can easily compare and combine clusters of different
masses and redshifts. We calculate the cumulative cluster galaxy
member density from the centre to the outskirts of the cluster. For
a spherical shell at a distance R/R;yy from the cluster centre, we
count all the galaxies that are inside this sphere and compute the
associated spherical volume. We also produced non-cumulative
radial profiles, but found them less stable in terms of model fit-
ting and they will not be further discussed here.

We present in the left panel of Fig. 5 the cumulative
galaxy number density profiles for the LR_HYDRO (blue) and
HR_DMONLY (red) simulations at redshift zero. From top to bot-
tom we show the results for the four bins in mass presented
in Table 1. The dots correspond to stacked radial profiles. The
stacked profiles are computed by counting all galaxies for all the
clusters in the given radial bin and dividing by the volume and
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tom the results for the different cluster mass bins of
Table 1 are presented.

0.6 0.8 10

the number of clusters considered. Uncertainties are obtained
assuming a Poisson distribution for the number of galaxies. We
find that for the innermost radius the profiles are badly recon-
structed due to a lack of statistics. This effect leads to a clear
bias of the stacked galaxy density radial profiles, as discussed
in Appendix B (Fig. B.1). In the following we restrict the anal-
ysis to the external radial region as represented by the stacked
profiles in Fig. 5. In the right panel we present the galaxy den-
sity (colour-coded) as a function of the relative galaxy-cluster
mass, Mgubstruc/Mhnalo- We show the results in the middle and
right columns of Fig. 5 at redshift zero for the LR_HYDRO
and HR_DMONLY simulations, respectively. It is apparent that
smaller galaxies tend to collect in the innermost regions of the
cluster, as evidenced by the higher density in the LR_HYDRO
simulations.
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Fig. 5. 3D radial number density of galaxies for the four bins in mass defined in Table 1 (from top to bottom) at redshift zero. The left column
gives the stacked profiles and uncertainties (dots and error bars) and the best-fit Einasto model with the 10 and 20 uncertainties (shaded regions)
for the LR_HYDRO (blue) and HR_DMONLY (red) simulations. In the middle and right column we display the radial galaxy density distribution per
galaxy-cluster relative mass for the LR_HYDRO and HR_DMONLY simulations, respectively. The color bars indicate the number density of galaxies.

4.2. Modelling and fitting

It is difficult to extract physical information from a direct com-
parison of the galaxy density profiles. Better insights can be
obtained from well-known analytical models. To this end, we
fitted the galaxy density profiles to an Einasto model (Einasto
1965; Navarro et al. 2004) defined as

or-me 2](2f 1)

where ng, rg, and « are free parameters. We summarize here the
physical interpretation of the parameters of the model: ng gives
the normalization of the galaxy density; « is related to the slope

2

of the galaxy density distribution (when a decreases, the slope
increases); and r is a kind of characteristic radius. For a radius
larger than ry the galaxy density profile drops rapidly.

We fitted the stacked cumulative galaxy density profiles to
the Einasto model. We note that the latter has been integrated to
obtain a cumulative radial profile matching the procedure per-
formed on the simulation data. To find the best-fit parameters
we considered a MCMC approach based on the emcee Python
package (Foreman-Mackey et al. 2013).

We present in the left panel of Fig. 5 the results of the fit
for the LR_HYDRO and HR_DMONLY simulations at redshift zero
and for the four bins in mass. For additional insights into these
findings, we refer to Haggar et al. (2021), which explores the
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Table 2. Redshift averaged and uncertainties of the slope, @, of the sub-
halo mass function for the four bins in mass and for the different simu-
lation flavours considered.

(@),
Mass bin  LR_DMONLY LR_HYDRO HR_DMONLY
MBI1 -0.746 £ 0.011 -0.921 =0.018 -0.819 +0.010
MB2 -0.813 £ 0.031 —0.943 +0.016 -0.838 +0.029
MB3 —0.860 + 0.032 —0.986 = 0.058 —0.886 + 0.024
MB4 —-0.838 £0.032 —0.939 +0.044 -0.842 +0.038

outer regions of the clusters. Overall, the best-fit models are good
fits to the data within the region of interest. The dashed (solid)
black lines correspond to the best-fit model for the LR_HYDRO
(HR_DMONLY) stacked profiles in the case of the MCMC algo-
rithms. We observe that the best-fit model represents a good fit to
the data in the region of interest. The MCMC results also allowed
us to handle the uncertainties on the parameters.

We show in Figs. 6 and 7 the MCMC 2D probability dis-
tribution for the best-fit parameters of the stacked profiles in
Fig. B.1. For both figures we plot the 68% and 95.4% confi-
dence level (C.L.) contours for the LR_HYDRO (left column) and
HR_DMONLY (right column) simulations. We give the results for
four bins in mass in Table 1 (top to bottom) and for six slices
in redshift from O to 1.4 (colour-coded). In some cases and for
the highest redshift the statistic is not sufficient to obtain reliable
fits.

We observe in Fig. 6 a clear anti-correlation between the
a and ry parameters. For both simulations the ry parame-
ter decreases (smaller clusters) with increasing redshift, as
expected. Overall, we observe larger values of the @ and ry for
the HR_DMONLY simulations with respect to the LR_HYDRO
simulations. This indicates that the former are more concen-
trated and show steeper density profiles. Furthermore, for the
HR_DMONLY simulations there seems to be a hint of redshift
evolution of the @ parameter with larger values at higher red-
shift. By contrast, for the LR_HYDRO simulations the @ param-
eter shows very little evolution with redshift within the uncer-
tainties. Nevertheless, it is difficult to give general conclusions
on redshift evolution for any of the simulations as for a given
bin in mass the distribution of cluster masses is very differ-
ent across redshifts. Nevertheless, we conclude, as observed in
Figs. 5 and B.1, that there are more galaxies in the inner cluster
region for the LR_HYDRO simulations than for the HR_ DMONLY
ones.

These conclusions seem to be confirmed by the results shown
in Fig. 7 where we present the MCMC 2D probability distri-
bution for the ry and ny parameters. We observe that the nor-
malization parameter is larger for the LR_HYDRO simulations
with respect to the HR_DMONLY simulations. We also find that
overall at lower redshift ny and r(y are smaller and larger, respec-
tively. This would indicate clusters are more extended at lower
redshift, as expected. As for the results in Fig. 6 the differences
in the cluster mass distribution across redshift may explain some
variations with respect to this general pattern. In addition, we
observe a particular behaviour for rj in the lowest mass bin of
the LR_HYDRO simulations, which can be explained consider-
ing the low scatter in this mass bin. Moreover low-mass galaxies
have a significantly greater concentration of baryonic mass in the
central region of the cluster compared to the total mass, increas-
ing the density in the centre of the cluster.

A257, page 8 of 13

A&A, 686, A257 (2024)

4.3. Discussion

From the previous results we can conclude that the density radial
profile for LR_HYDRO simulations are more concentrated and
cuspier than those of the HR_DMONLY simulations. This can be
clearly observed in the left column of Fig. 5. The LR_HYDRO
clusters present a clear excess of galaxies in the central region
and a drop in the profile for smaller radius than the HR_ DMONLY
ones. In addition, we see from the comparison of the subhalo
mass function in Sect. 3.2 that the LR_HYDRO (HR_HYDRO)
simulations have more low-mass galaxies than the LR_DMONLY
(HR_DMONLY) simulations. We interpret these results as the fact
that baryonic physics preserve low-mass substructures that tend
to be located in the centre of the cluster.

We checked this statement by studying the galaxy density as
a function of the relative galaxy-cluster mass presented in the
right panel of Fig. 5. We confirm a clear excess of low-mass
galaxy in the inner cluster region for the LR_HYDRO simulations
with respect to the HR_DMONLY simulations. We also find that
the low-mass galaxies are present at all radii and are the main
components in number density for both types of simulations.

5. Conclusions

In this paper we have studied the properties of galaxies in THE
THREE HUNDRED simulations in terms of luminosity function
and radial distribution in the perspective of future large-scale
structure surveys at optical and infrared wavelengths. For this we
have used full physics hydrodynamical simulations at at mass
resolution of 1.5x 10° 4~! M. We have completed these with
equivalent resolution and eight times more resolved dark-matter-
only simulations to disentangle possible effects from baryonic
physics.

In terms of the luminosity function we find that the cur-
rent mass resolution of THE THREE HUNDRED hydrodynami-
cal simulations is not sufficient, and leads to an artificial cut
above magnitudes of about 22 when future surveys like Euclid
are expected to go as deep as magnitudes of 24 (Laureijs et al.
2011). These results motivated THE THREE HUNDRED collabo-
ration to produce five high-resolution full-physics hydrodynami-
cal regions (eight times more resolved in mass). We have proved
that for these regions the reconstruction of the luminosity func-
tion goes up to magnitudes of 24. An effort to produce more
high-resolution hydro simulations is under way.

We have computed subhalo (galaxy) mass functions for
the four flavours of THE THREE HUNDRED simulations (hydro
low and high resolution, and dark matter high and low res-
olution) for four bins in mass and for six snapshots in red-
shift. We find that the lack of resolution leads to significantly
fewer low-mass galaxies both for the hydro and dark-matter-
only simulations. We also find that the overall number of
galaxies is the same between the low-resolution hydro simu-
lations and the high-resolution dark-matter-only ones. There-
fore, a high-resolution dark-matter-only simulation is broadly
comparable with a low-resolution hydrodynamical simulation.
We observe that overall the mass functions are quite similar
in the high-mass regions where there are no resolution effects.
We also find that baryonic physics tends to preserve a signifi-
cantly greater number of low-mass galaxies. These results align
with the insights presented in Sawala et al. (2013), Castro et al.
(2021), and Beltz-Mohrmann & Berlind (2021), and provide
valuable additional information, particularly in the cluster mass
range above 10'* h~! M, where we have better resolution with
a richer dataset. We have approached the different subhalo mass
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Table 3. Relative galaxy to cluster mass, Mbsiruc/Mhalo» cut applied to compare the LR_HYDRO, LR_DMONLY, and HR_DMONLY simulations for
the six different redshift snapshots.

Msubstruc /Mhalo
Massbin  z=10.0 z=03 z=0.5 z=0.8 z=1.0 z=14
MBI1 0.000177 0.000177 0.000177 0.000177 0.000177 0.000205
MB2 0.000074 0.000074 0.000074 0.000074 0.000085 0.000074
MB3 0.000041 0.000048 0.000048 0.000048 0.000055 0.000074
MB4 0.000027 0.000031 0.000031 0.000036 0.000041 0.000074
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functions by a power law and have consistent slopes across sim-
ulations flavours and no evolution with redshift. We conclude
that the main difference between the hydrodynamical and dark-
matter-only simulations is the increase in the number of low-
mass galaxies in the former.

Finally, we have studied the radial distribution of cluster
member galaxies. To study possible baryonic physic effects, we
compared the low-resolution hydrodynamical simulations and
the high-resolution dark-matter-only resolution after imposing
a cut in the relative mass of the particle for each bin in mass and
for each redshift slice. Overall, we find that the radial galaxy
number density profiles of the hydro simulations show an excess
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and 95.4% C.L., respectively.

of galaxies in the inner part of the cluster and are more concen-
trated than those of the dark-matter-only simulations. Further-
more, we observe that for the hydro simulations the low-mass
galaxies tend to concentrate in the inner part of the cluster. We
conclude that baryonic physics preserves significantly more low-
mass substructures, in particular in the inner cluster region.
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Appendix A: Redshift evolution of the subhalo
mass function

We show in Fig A.1 the cumulative subhalo mass function for
the LR_HYDRO (left column), LR_DMONLY (centre column),
and HR_DMONLY (right column) simulations for the six red-
shift snapshots considered. They were computed as for Fig. 3,
the shaded region being obtained from the mean and dispersion

across clusters. From top to bottom the rows correspond to the
bins in mass defined in Table 1. These subhalo mass functions
can be compared to those presented in Dolag et al. (2009). With
respect to the latter in this work we increased significantly the
statistics, and we extended the cluster mass and redshift ranges
considered. Furthermore, we used simulations at different reso-
lutions.

10° 10°

0.0 10°
~ 102 ~ 102/ 3 e
a3
L 10! o 1014 d E |
z = 10| & 10
E s 1.4 )
g 10°4 2 1004 E 100
= o1 = o1 s
A 10 A 10 N 10 1
Z 1024 Z 1024 = 102
1073 1073 103
10-° 104 103 1072 1071 10-° 104 1073 102 10! 103 104 10-3 1072 1071
Msubstmc/Mc/uster Msubstruc/Mcluster Msubsrruc/Mcluster
(a) LR_HYDRO (b) LR_DMONLY (C) HR_DMONLY
10°
0.0
- < 102 03 -
= & 0.5 g
3 S 101 3
s s 1.0 s
= ) =
= =] =
£ g 10%4 z
2 2 @
= = 1] b=
A A L0 A
=2 2 10724 =2
103 1073 103
10-° 1074 10-3 1072 10! 10-° 104 1073 102 10-t 1073 10-4 10-3 10-2 10!
Msubstruc/Mcfusrer Msubstruc/Mr/uster Msubstrur/Mrluster
10° 10° 10°
{ 0.0 i
— 2 0.3 —_ 2 ) —_ 2
> 10 s T 10 > 10
@ ] @
=2 0.8 2 =2
s 1ot 1.0 < 104 s 10!
< < <
2 L4 2 2
2 100 % 1004 g 100
2 \ F @
= .0 \ = 1] =
o 10 ‘i o 10 o 10
Z 1072 Z 107%4 Z 1072
103 1073 103
10-% 1074 10-3 1072 10! 10-3 104 1073 102 10-t 1073 10-4 10-3 1072 10!
Msubstruc/Mcfusrer Msubstruc/Mr/uster Msubstrur/Mrluster
10° N 10% 10°
~ 10 ~ 10 ~ 10
I3 I @
) ] B
< 10! S 10ty < 10!
= < =
= =] =
7 100 oo > % 1004 g 100
3 3 3 3
= 0 0.3 = .qo1] = 15-1
A 10 05 10 A 10
- 08 - -
Z 1072 1.0 Z 10724 Z 102
1.4
1073 1073 103
10-% 1074 10-3 1072 10! 10-3 1074 1073 102 10-t 1073 104 10-3 1072 10!
Msubstruc/Mcfusrer Msubstruc/Mr/uster Msubstrur/Mcluster

Fig. A.1. Redshift evolution (z = 0 (blue), z = 0.3 (orange), z = 0.5 (green), z = 0.8 (red), z = 1 (purple), and z = 1.4 (brown)) of the cumulative
galaxy mass function for the LR_HYDRO (left), LR_DMONLY (centre), and HR_DMONLY (right) simulations for the four bin mass defined in Table 1
(from top to bottom). The shaded regions are obtained from the mean and standard deviation across clusters, as described in the text.
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Appendix B: Three-dimensional cumulative galaxy

density profiles

We present in Fig. B.1 the 3D cumulative galaxy density distri-
bution for the four simulation flavours considered: LR_DMONLY,
LR_HYDRO, HR_DMONLY, and HR_HYDRO (from left to right).
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From top to bottom we present the results for the four bins in
mass presented in Table 1. We plot the stacked density profiles
for each slice in redshift. We note that for the HR_HYDRO sim-
ulations we only used five regions, which explains why profiles
are missing at high redshift for the highest mass bins.
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Fig. B.1. Redshift evolution (z = 0 (blue), z = 0.3 (orange), z = 0.5 (green), z = 0.8 (red), z = 1 (purple), and z = 1.4 (brown)) of 3D cumulative
galaxy density profiles for the four simulation flavours and for the four bin in mass in Table 1.
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