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ABSTRACT

Context. Recent observations found that observed cluster member galaxies are more compact than their counterparts in ΛCDM hydrodynamic
simulations, as indicated by the difference in their strong gravitational lensing properties, and they reported that measured and simulated galaxy–
galaxy strong lensing events on small scales are discrepant by one order of magnitude. Among the possible explanations for this discrepancy, some
studies suggest that simulations with better resolution and implementing different schemes for galaxy formation could produce simulations that
are in better agreement with the observations.
Aims. In this work, we aim to assess the impact of numerical resolution and of the implementation of energy input from AGN feedback models on
the inner structure of cluster sub-haloes in hydrodynamic simulations.
Methods. We compared several zoom-in re-simulations of a sub-sample of cluster-sized haloes obtained by varying mass resolution and softening
the length and AGN energy feedback scheme. We studied the impact of these different setups on the sub-halo (SH) abundances, their radial
distribution, their density and mass profiles, and the relation between the maximum circular velocity, which is a proxy for SH compactness
Results. Regardless of the adopted numerical resolution and feedback model, SHs with masses of MSH . 1011 h−1 M�, the most relevant mass
range for galaxy–galaxy strong lensing, have maximum circular velocities ∼30% smaller than those measured from strong lensing observations.
We also find that simulations with less effective AGN energy feedback produce massive SHs (MSH & 1011 h−1 M�) with higher maximum circular
velocity and that their Vmax−MSH relation approaches the observed one. However, the stellar-mass number count of these objects exceeds the one
found in observations, and we find that the compactness of these simulated SHs is the result of an extremely over-efficient star formation in their
cores, also leading to larger than observed SH stellar mass.
Conclusions. Regardless of the resolution and galaxy formation model adopted, simulations are unable to simultaneously reproduce the observed
stellar masses and compactness (or maximum circular velocities) of cluster galaxies. Thus, the discrepancy between theory and observations that
emerged previous works. It remains an open question as to whether such a discrepancy reflects limitations of the current implementation of galaxy
formation models or the ΛCDM paradigm.

Key words. methods: numerical – galaxies: abundances – galaxies: clusters: general – galaxies: formation – Galaxy: evolution –
galaxies: structure

1. Introduction

The properties and abundances of cluster sub-haloes (SHs)
and their associated galaxies are important probes of cosmol-
ogy (see e.g., Natarajan & Kneib 1997; Moore et al. 1998;
Tormen et al. 1998; Natarajan & Springel 2004; Gao et al.
2004; van den Bosch et al. 2005; Kravtsov & Borgani 2012;
Despali et al. 2016;Despali & Vegetti2017;Natarajan et al.2019;
Ragagnin et al. 2021) and galaxy formation (Taylor & Kobayashi
2015). In particular, they can be used to test the predictions of
the cold dark matter (CDM) paradigm of structure formation
on multiple scales in clusters (see e.g., Natarajan et al. 2007;
Yang & Yu 2021).

Gravitational lensing has proved to be a powerful tool to map
the distribution of dark matter (DM) in galaxy clusters both on
large and small scales (as in Grillo et al. 2015; Zitrin et al. 2015;
Meneghetti et al. 2017; Kneib & Natarajan 2011; Umetsu 2020).
In particular, recent improvements in combined strong plus weak
lensing modelling techniques along with galaxy kinematic mea-
surements from integral field spectroscopy, enabled us to con-
strain the matter distribution in cluster substructures in great detail
(see e.g., Tremmel et al. 2019; Bergamini et al. 2019).

Based on cluster reconstructions, Meneghetti et al. (2020)
(M20) recently reported that lensing clusters observed in
the CLASH survey (Postman et al. 2012) and Frontier Fields
(Lotz et al. 2017) HST programmes have cross-sections for
galaxy–galaxy strong projected lensing (GGSL) that exceed the
expectations in the context of current ΛCDM-based hydrody-
namic simulations by one order of magnitude. The ability of
sub-haloes to produce strong lensing events depends primar-
ily on their compactness and location within the cluster. More
compact SHs lying at smaller projected cluster-centric radii can
more easily exceed the critical surface mass density required for
strong lensing and can therefore be more effective at splitting
and strongly distorting the images of background galaxies.

The spatial distribution of cluster SHs can be traced by the
galaxies that they host. The maximum circular velocity is defined
as

Vmax = max


√

GM(<r)
r

 , (1)

where r is the three-dimensional distance from the SH centre,
M(<r) is the SH radial mass profile, and G is the gravitational
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constant. The value of Vmax has been demonstrated to be a
robust proxy for SH compactness. As shown by Bergamini et al.
(2019), the SH circular velocity can be measured by combining
imaging and spectroscopic observations of strong lensing.

M20 noted that the galaxies with a projected distance within
∼0.15Rvir (where Rvir is the cluster virial radius1) in the clusters
reconstructed by Bergamini et al. (2019) have maximum circu-
lar velocities exceeding those of SHs with the same mass in the
hydrodynamic simulations of Rasia et al. (2015, hereafter R15)
by ∼30−50% on average. They also found that the number den-
sity of these SHs near the cluster secondary critical lines in
observations is higher than in simulations. Thus, M20 concluded
that the larger GGSL cross-section reflects the more compact
spatial distribution and internal structure of observed SHs com-
pared to simulated ones.

This mismatch may arise due to limitations in our cur-
rent simulations or may warrant revisiting our assump-
tions on the nature of dark matter (see e.g., Despali et al.
2020; Bhattacharyya et al. 2022; Yang & Yu 2021; Nguyen et al.
2021). Moreover, it has been argued that the simulation results
might depend on mass resolution and artificial tidal disruption,
which could impact the properties of SHs (Green et al. 2021).
M20 performed a comparison between low- and high-resolution
re-simulations of a single cluster and did not notice significant
differences between their derived GGSL cross sections. Never-
theless, in a recent paper, Bahé (2021) claimed that cluster SHs
in the very-high-resolution Hydrangea simulation suite are in
better agreement with observations (see also Robertson 2021).
We will devote part of this paper to assessing the origin of these
two contradicting claims.

On top of this, most high-resolution hydrodynamic simula-
tions have problems in reproducing correct stellar masses of high
mass SHs. For instance, Ragone-Figueroa et al. (2018, RF18)
showed that the stellar masses of the observed brightest clus-
ter galaxies (BCGs) are clearly overproduced by the Hydrangea
and IllustrisTNG simulations (see their Fig. 1). The excess of
star formation in these simulations (i.e., the one shown in Fig. 3
in Genel et al. 2014, on the IllustrisTNG simulations) is likely
related to a general difficulty in modelling AGN feedback at the
high stellar mass regime. In other words, it seems that these sim-
ulations are not able to match observations of stellar masses (and
therefore their baryon fractions), measured luminosities, internal
structure, and lensing properties simultaneously.

It is important to note here that in addition to numerical reso-
lution, the inner structure of SHs is very sensitive to the details of
sub-grid models for cooling, star formation, and feedback imple-
mented in the simulations. As M20 suggested, numerical effects
may also play an important role in affecting the discrepancy they
report. RF18 pointed out that particular care must be taken in
controlling the centring of supermassive black hole (SMBH) par-
ticles, which leave their host galaxies in the course of the simu-
lations due to frequent dynamical disturbances and mergers, the
effects of which are probably amplified by numerical limitations.
Under these circumstances, the SMBH energy feedback does
not effectively suppress gas over-cooling (Borgani et al. 2006;
Wurster & Thacker 2013) or star formation in the centre of mas-
sive galaxies (Ludlow et al. 2020; Bahé et al. 2022). Thus, it is
worth studying the impact of feedback schemes, softening, and
resolution in producing the MSH−Vmax relation.

1 We denote the radius and mass of the sphere enclosing a density
equal to ∆ times the critical density at the respective redshift as R∆ and
M∆. See Naderi et al. (2015) for a review on galaxy cluster masses and
radii definitions.

Moreover, when comparing density profiles of simulated
haloes to observations, it is crucial to take into account that
different softening lengths ε lead to varying minimum well-
resolved radii, below which density profiles cannot be trusted as
the gravitational force is underestimated2. This minimum radius
for density profiles is often estimated as 2.8 times the fiducial
equivalent softening, that is h ≈ 2.8ε (see Hernquist 1987
for more details on the choice of this value). For these rea-
sons, in order to disentangle the effect of resolution alone, in
this work we used simulations with varying softening, resolu-
tion, and feedback parameters in order to tackle all these small-
scale issues.

The paper is organised as follows. In Sect. 2, we present our
simulations in detail. In Sect. 3, we discuss the results in terms
of mass–velocity SH scaling relations, and we present our con-
clusions and discussion thereof in Sect. 4.

2. Numerical setup

The Dianoga suite of simulations consists of a set of 29 regions
containing cluster-size haloes extracted from a parent DM-only
cosmological box of side-length 1 comoving h−1 Gpc. These
regions were re-simulated including baryons, using the zoom-
in initial conditions from Bonafede et al. (2011), and assum-
ing different baryonic physics models, softening, and mass
resolutions.

The simulations were performed using the code P-Gadget3
(Springel et al. 2001), adopting an improved smoothed particle
hydrodynamics (SPH) solver (Beck et al. 2016) and a stellar
evolution scheme (Tornatore et al. 2007; Springel et al. 2005b)
that follows 11 chemical elements (H, He, C, N, O, Ne, Mg,
Si, S, Ca, Fe) with the aid of the CLOUDY photo-ionisation
code (Ferland et al. 1998). A general description of how the
SMBH and energy feedback are modelled can be found in
Springel et al. (2005b), Fabjan et al. (2010), Hirschmann et al.
(2014), and Schaye et al. (2015).

2.1. Feedback schemes and resolutions

In this work, we focused on six Dianoga regions re-simulated
with three models at low-resolution (1×), each model with dif-
ferent softening and feedback schemes. One of these models also
has a high-resolution counterpart in order to isolate the effect of
resolution alone (hereafter 10×B20 simulations, where ‘10×’
means it has been re-simulated with a 10 times lower particle
mass). The four suites are the following:

The 1×R15 model, described in R15 and in Planelles et al.
(2017), uses the SMBH feedback scheme presented in
Steinborn et al. (2015), and implements both mechanical and
radiative feedback. The model is parameterised by an out-
flow efficiency εo that regulates gas heating power P0 used for
mechanical feedback, while the radiative efficiency εr regulates
the luminosity of the radiative component. The feedback energy
per unit time in this model is then the sum of P0 and the frac-
tion εf of the luminosity (see Eqs. (7)–(12) in Steinborn et al.
2015 for more details). This model is an improvement on the
model presented in Hirschmann et al. (2014), wherein a con-
stant radiative efficiency is assumed that does not allow for a
smooth transition between the quasar-mode and the radio-mode.
In the model presented in Steinborn et al. (2015), the amount of
energy released by SMBH growth is determined by the radiative

2 For two particles with distance r, their gravitational potential is com-
puted as Φ ∝ 1/

√
r2 + ε2.
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efficiency factor εr and the fraction that is thermally coupled with
the surrounding gas is denoted by εf . These simulations have
been used in M20 in order to compare simulations with obser-
vational data. R15 showed that their model produces cool-core
clusters in similar proportions to observations from Eckert et al.
(2011).

The 1×RF18 model is described in Ragone-Figueroa et al.
(2013) with some modifications introduced in RF18. At vari-
ance with Springel et al. (2005a), Ragone-Figueroa et al. (2013)
implemented a mechanism of cold-cloud evaporation, so that if
gas in the cold phase is heated by the AGN energy to a tem-
perature that exceeds the average gas temperature, then the cor-
responding particle is removed from the multi-phase state to
avoid star formation. To prevent the particle from re-entering
the multi-phase state in the next time step, they added a max-
imum temperature condition for a particle to be star-forming
(as explained in Sect. 2.1 of Ragone-Figueroa et al. 2013).
These simulations have a larger softening compared to 1×R15.
The simulated BCG mass evolution and the BCG alignment
with the host cluster are in agreement with observational data
(Ragone-Figueroa et al. 2018, 2020).

The 10×B20 model is presented in Bassini et al. (2020)
(B20), where the regions are re-simulated with a mass resolu-
tion 10 times higher than the above-mentioned 1× models. They
have a feedback scheme similar to 1×RF18; however, they do
not implement cold cloud evaporation in order to reduce the
feedback efficiency. As a consequence, the sample reproduces
the stellar mass function (SMF) from Bernardi et al. (2013) over
more than one order of magnitude in the intermediate SH mass
regime; however, it overproduces the number count of most mas-
sive galaxies. We also created the 1×B20 sample to isolate the
effect of resolution on SHs. We re-simulated four regions with
the same feedback configuration of B20 10×B20 and re-scaled
their softening parameters to the 1× resolution level.

In Table 1, we report all feedback parameters, softening, and
mass resolution values for the four suites 1×R15, 1×RF18,
10×B20, and 1×B20. There, we report the minimum gas tem-
perature allowed for cooling, min Tg, an outflow efficiency εo,
the BH radiation efficiency εr, and the feedback efficiency εf
(see Shakura & Sunyaev 1973; Steinborn et al. 2015, for more
details). These parameters have been been tuned to fit some
observational properties of galaxy clusters best:

R15 and B20 tuned the stellar mass vs. black hole (BH) mass
relation M?−MBH, i.e., the Magorrian relation (Magorrian et al.
1998), and the stellar mass function (in the case of 10×), while
RF18 tuned the Magorrian and the BCG mass vs. M500c relation.

We note that even if some re-simulations have similar feed-
back parameter values, they have different feedback implemen-
tations (see discussion in Sects. 2 and 3 of B20). In particular,
the RF18 scheme takes into account cold cloud evaporation (see
the appendix in Ragone-Figueroa et al. 2013) and uses a multi-
phase particle criterion depending not only on density but also
on temperature. On the other hand, the B20 scheme removes
the temperature criterion. Thus, the high-density particles cool
more efficiently (see appendix in Ragone-Figueroa et al. 2013).
As a result, the B20 scheme leads to a better agreement of SMF
with observations and has less efficient feedback than 1×RF18.
Unlike the other three setups, the 1×B20 realisation has not
been tuned with respect to any observational data.

2.2. Zoom-in regions

Firstly, in the following analyses, we focused primarily on SHs
with MSH > 2 × 1010 h−1 M�, whose inner structure is resolved

Table 1. List of feedback and resolution parameters for the four suites
1×R15, 1×RF18, 10×B20, and its 1× counterpart (1×B20).

1×R15 1×RF18 10×B20 1×B20

min Tg[K] 50 50 20
εo 0.15 − −

εr 0.1 0.07 0.07
εf 0.05 0.1 0.16
εDM[h−1 akpc] 3.75 5.62 1.4 3.0
ε?[h−1 akpc] 2.0 3.0 0.35 0.75
mDM[108 h−1 M�] 8.3 8.3 0.83 8.3
Reference R15 RF18 B20

Notes. Rows show, respectively, minimum gas temperature Tg, outflow
efficiency εo, BH radiative efficiency εr, BH feedback factor εf , dark-
matter softening εDM, stellar softening ε?, and dark-matter particle mass
mDM.

Table 2. Cluster haloes studied in this work.

Name 1×R15 1×RF18 10×B20 1×B20

Mvir Ns Mvir Ns Mvir Ns Mvir Ns

D1 11.4 62 11.4 38 11.1 87
D3 4.9 25 4.8 13 4.8 28 4.8 21
D6 6.3 28 6.3 25 6.4 42 6.4 34
D10 10.4 70 10.4 48 10.1 83
D18 8.0 32 8.1 23 7.7 49 7.6 31
D25 3.1 13 3.0 12 3.0 22 2.3 13

Notes. First column reports the names of the 6 out of the 29 Dianoga
regions used in this work. The panels in other columns are the halo
virial masses (Mvir) and the number Ns of SHs with mass MSH >
2 × 1010 h−1 M� within a distance of r < 0.15Rvir from the halo centre.
These quantities are reported for all suites (1×R15, 1×RF18, 10×, and
1×B20). Virial masses are in units of 1014 h−1 M�. Haloes are extracted
at redshift z = 0.4.

with &100 particles. In each region we focus on the main cen-
tral halo at z = 0.4, in order to consistently compare the red-
shift of observations presented in Bergamini et al. (2019) and
Granata et al. (2022). We considered three lines of sight orthog-
onal to each cluster halo and extracted all SHs in cylinders with
depths of 10 comoving h−1 Mpc and radii of R < 0.15Rvir centred
on the halo centre. This radius is roughly consistent with that of
the region that typically contains the cluster secondary critical
lines for strong lensing (see e.g., M20).

In Table 2, we present properties of the six regions (D1,
D3, D6, D10, D18, D25) used in this work, all with a virial
mass of Mvir > 3 × 1014 h−1 M�. All regions that have been
re-simulated assume a ΛCDM cosmology with the parameters
Ωm = 0.24,Ωb = 0.04, ns = 0.96, σ8 = 0.8, and h = 0.72.

Table 2 shows virial masses and the number (averaged over
the three different projections) of SHs of the six regions in the
four suites. From the table it is already possible to appreciate a
difference in the amount of SHs identified in different simula-
tions, with smaller softening and particle mass values generally
leading to the formation of a larger number of SHs.

2.3. SH selection methods

The haloes and SHs are identified using the friend-of-friend
halo finder (Davis et al. 1985; Springel 2005) and an improved
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version of the SH finder SUBFIND (Springel et al. 2001),
respectively. The latter takes into account the presence of
baryons (Dolag et al. 2009). For each region in which we iden-
tify the most massive FoF halo and its centre of mass, SH parti-
cles are found by SUBFIND, which iteratively removes unbound
particles within the contour that traverses the gravitational poten-
tial saddle points (see Muldrew et al. 2011 for more information
on its accuracy).

In this work, we considered stellar masses hosted in SHs as
the sum of all bounded star particles within 50 and 30 physical
projected kpc. This aperture is chosen as the ones in the obser-
vations of Kravtsov et al. (2018) and Bergamini et al. (2019),
respectively.

3. Results

3.1. SH masses

The top panel of Fig. 1 shows the BCG stellar masses against
the total mass within R500c of our four suites and observations
from Kravtsov et al. (2018). Here, we can see that 1×R15 and
1×RF18 have BCGs that tend to agree with observations, while
B20s 1× and 10× simulations have BCGs much brighter than
observations, as expected with their low feedback.

We now show that the overproduction of stars is not limited
to BCGs. The total stellar mass within R500c (i.e., M?,500c, pre-
sented in second panel of Fig. 1) is systematically higher than
observations for both B20 models, while RF18 and R15 pro-
duce a lower number of stars, which is closer to the observed
values.

In the third panel of Fig. 1, where we compare the stellar
mass in satellites as estimated by Kravtsov et al. (2018), as the
difference between M?,500c and the BCG stellar mass, we see the
same trend as for M?,500c. Finally, to consistently compare sim-
ulations with different resolutions, and to rule out that this over-
production of stars is caused by intracluster light (ICL) instead
of being a problem of SHs, we compare total stellar masses of
only well-resolved satellites (i.e., all sub-haloes with masses of
MSH > 2× 1010 M�, as defined in Sect. 2.3). In the bottom panel
of Fig. 1, we show that the B20 model produces the SHs with the
highest stellar masses, followed by R15 and RF18. In addition,
10×B20 has systematically higher stellar masses than 1×B20,
which shows that with increasing resolution there is an increase
of high stellar mass SHs.

In Fig. 2, we show the average cumulative satellite SH mass
number count (left column for total mass and right column for
stellar mass) both within the virial radius (upper panels) and
within a cluster-centric distance R < 0.15Rvir (bottom panels)
for the four regions (D3, D6, D18, and D25) presented in Table 2
that are in common between all suites. We also compare the theo-
retical estimates against the observed mass distributions derived
by Granata et al. (2022) and Bergamini et al. (2019) for the clus-
ter AS1063.

The total-mass count functions within Rvir (Fig. 2, top left
panel) resemble a power law, in agreement with other theoretical
studies (Giocoli et al. 2008). The 1× simulations deviate from
the power-law behaviour at masses .2× 1010 h−1 M�, indicating
that resolution limits become significant at these mass scales.
This result validates our choice of excluding the SHs below the
mass limit discussed in Sect. 2.2 from our analysis.

If we focus on the total-mass count within 0.15Rvir (lower
panels), we find that different setups produce significantly dif-
ferent numbers of SHs, and setups with larger softening pro-
duce a too small number of SHs. This is probably due to the fact

1012

M
,B

CG
[M

]

1013

M
,5

00
c[M

]

Kravtsov+18
1xR15
1xRF18
10xB20
1xB20

1012

1013

M
,5

00
c

M
,B

CG
[M

]

1015

M500c[M ]

1013

3 × 1012

4 × 1012

6 × 1012

2 × 1013

M
,s

at
s[M

]

Fig. 1. Comparison of BCG mass (first panel), stellar mass (second
panel), and satellite (i.e., stellar mass minus BCG mass, third panel)
values and the stellar mass sum of all well-resolved SHs within Rvir
(fourth panel) within R500c for our four suites (circles coloured as in
the label) and with the observational data from Kravtsov et al. (2018)
(red stars). BCG masses are computed within a projected aperture of 50
physical kpc, and for each region we present masses from three orthog-
onal projections. From left to right, data points correspond to the main
haloes of the following regions: D25, D3, D6, D18, D10, and D1 pre-
sented in Table 2.

that large-softening simulations produce more fragile SH cores,
which are less resistant to tidal forces.

We further studied the over-production of stars by showing
the cumulative number count of SHs with a given stellar mass.
We present the cumulative number within Rvir in the top right
panel of Fig. 2, where we see that 1×R15 and 1×RF8 pro-
duce SHs with very similar stellar masses (except a small dif-
ference at M? ≈ 3−4 × 1010 M�), while 1×B20 has many more
bright galaxies (as expected by its lower feedback). 1×B20 and
10×B20 have nearly the same stellar mass counts. The stellar
mass count inside 0.15Rvir, (Fig. 2 bottom right panel) shows
that a better resolution increases the number of high stellar mass
galaxies.
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Fig. 2. Average cumulative number of satellite sub-structures with total mass larger than MSH and lower than 1013 h−1 M� (left column) and for
stellar masses larger than M?, computed within an aperture of 30 physical kpc. We show data for the four 1×R15 (cyan), 1×RF18 (pink),
10×B20 (black), and 1×B20 (magenta) simulations in common between the four suites (i.e., D3, D6, D18, and D25 presented in Table 2). For
each simulation we average data over three orthogonal projections. Shaded area represents standard deviation between different setups. Upper
panels consider SHs within the virial radius and lower panels consider SHs with projected cluster-centric distance R < 0.15Rvir. Left panels show
cumulative number of total SH mass MSH, while right panels show cumulative mass of galaxy stellar mass associated with each SH. Observations
are from the central region (R < 0.15Rvir) of cluster AS1063 presented in Bergamini et al. (2019) and Granata et al. (2022). Both simulations and
observations have an average redshift of z ≈ 0.4.

In particular, Granata et al. (2022) used a Salpeter (1955)
IMF (see the appendix in Mercurio et al. 2021), whereas in our
simulations we adopted a Chabrier (2003) IMF. We therefore re-
scaled observational stellar masses by a factor of 0.58 to match
values of a Chabrier IMF (as proposed in Speagle et al. 2014).

From the figure, we can evince that both feedback schemes
and resolution parameters strongly affect the SH population in
galaxy cluster cores, compared to their effect on the popula-
tion within Rvir, especially when it comes to high-mass SHs
(MSH > 4×1011 h−1 M�); there are more massive SHs that reach
the core of a galaxy cluster when increasing resolution or low-
ering feedback. We also note that 1×RF18 and 1×R15 simu-
lations are the ones that best match observations of the galaxy
mass distribution in the internal regions of galaxy clusters.

3.2. SH radial distributions

The impact of resolution and feedback on the total number of
SHs in the central regions of clusters can be better appreciated
in Fig. 3 (top panel), where we show the average number of SHs
with a projected cluster-centric distance larger than a given frac-
tion of the host virial radius. This is shown for the four regions

in common between our four setups, namely, D3, D6, D18, and
D25 as in Table. 2.

The average number of SHs in the central regions of clusters
in the 1×RF18 simulations is smaller than the corresponding
number in the 1×R15 simulations by ∼25% (see Table 2). This
behaviour is similar to what we found in Fig. 2 (bottom left), and
is most probably caused by the relation between SH fragility in
cluster cores and softening lengths.

From the bottom panel of Fig. 3, where we show the nor-
malised distributions, we notice that simulations all have a very
similar spatial concentration of SHs. If we compare the relative
compactness with observations from Bergamini et al. (2019) (as
already done in M20 for 1×R15 simulations), we find that all
suites are unable to reproduce the drop in the number count in
the region [0.07−0.1]Rvir that is found in observations.

3.3. Circular velocity vs. SH mass

In Fig. 4, we show the SH distribution in the Vmax−MSH plane
for all simulation suites, where Vmax is computed as in Eq. (1).
Each data point corresponds to a different SH. The SHs in
the 10×B20 and 1×B20 simulations generally have higher
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lines refer to the 10×, 1×R15, and 1×RF18 simulations, respectively.
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maximum circular velocities than in the 1×R15 and 1×RF18
simulations. The amount of this difference grows as a function
of the SH mass. Consequently, the Vmax−MSH relations in the
10×B20 and 1×B20 simulations are significantly steeper than
the others.

For comparison, Fig. 4 shows the Vmax−MSH relation of
Bergamini et al. (2019) (blue solid lines) based on the strong
lensing analysis of galaxy clusters MACS J1206.2−0847 (z =
0.44), MACS J0416.1−2403 (z = 0.4), and AbellS1063 (z =
0.35). M20 already showed that the SHs in the 1×R15 simu-
lations fell below the observational relation of Bergamini et al.
(2019) at all masses. Our results show that the same result holds
for the 1×RF18 simulations. On the other hand, the gap between
observations and simulations is reduced when the AGN feedback
is less efficient (i.e., in the 10×B20 and 1×B20 simulations,
although only for the SHs with the largest masses).

This behaviour is akin to that reported by Bahé (2021), who
found that the SHs in the Hydrangea cluster simulations, imple-
menting the Eagle galaxy formation model (Bahe et al. 2016),
have Vmax similar or even exceeding the Bergamini et al. (2019)
relation at masses of MSH & 1011 h−1 M�. Thus, we may interpret
their results as an indication that in the sub-grid model imple-
mented in Hydrangea SF is less efficient at a fixed halo mass.

At lower masses (MSH ≈ 2 × 1010 M�), the median SH
maximum circular velocity in all our simulations reaches a

value of ∼100 km s−1, almost independently of the resolu-
tion and feedback model. This value is very similar to the
median value reported by Bahé (2021) in the same SH mass-
range, and is it significantly below the observational rela-
tion of Bergamini et al. (2019). For example, at masses of
∼1010 h−1 M�, Bergamini et al. (2019) report an average Vmax
of ∼170 km s−1. In a more recent work focused on AS1063
and implementing a different approach to model the contribu-
tion of the cluster galaxies to the cluster strong lensing signal,
Granata et al. (2022) found that the typical maximum circular
velocity of SHs in this mass range is ∼150 km s−1.

We note that this same trend holds for the high-resolution
simulations presented in Bahé (2021). Bahé (2021) reported the
existence of a second branch of the Vmax−MSH relation, followed
by a minority of SHs with masses of MSH . 1011 h−1 M�, which
is consistent with observations. Even in our simulations with the
highest mass resolution, we do not find evidence for a bimodal
Vmax−MSH relation, although we notice that some SHs in the
10×B20 and 1×B20 simulations have Vmax close to and even
higher than the Bergamini et al. (2019) relation.

For the reasons outlined above and to provide a fair compar-
ison with the data, in the next analyses we divided SHs in two
samples; low-mass SHs with MSH ∈ [4, 6]×1010 h−1 M�, in order
to have a large sample of both well-resolved SHs in a narrow
mass range, and high-mass SHs with MSH ∈ [1, 6]×1011 h−1M�,
where the range is large enough to have a representative num-
ber of SHs in the high-mass regime. The low-mass SHs sam-
ple helped us study the mass-range observed in Bergamini et al.
(2019), while the high-mass SHs sample helped us study the
mass range where AGN feedback is most effective.

3.4. Mass and circular velocity profiles

3.4.1. Low-mass SHs

We turn our attention to the SH inner structure, which we quan-
tify by means of the SH mass and circular velocity profiles. As
shown in Fig. 5, the average difference between maximum cir-
cular velocities of SHs with masses of 5× 1010 h−1 M� ≤ MSH ≤

1011 h−1 M� in different simulations reduces to ∼15%, and it
seems that simulations run with different feedback schemes
(including the one used in the Hydrangea simulations, as shown
in Fig. 4), resolution parameters, and softening lengths are
unable to match the observed compactness.

3.4.2. High-mass SHs

The total SH circular velocity and mass profiles for all the four
simulation suites are shown in Fig. 6, which refers to SHs with
MSH > 1011 h−1 M�. We notice that several SHs have maximum
circular velocities that exceed 300 km s−1 in both the 10×B20
and 1×B20 simulations. The mean maximum circular veloc-
ity of these SHs is ∼220 km s−1. On average, the Vmax of SHs
with similar masses in the 1×R15 and 1×RF18 simulations are
∼20−30% smaller.

The SH mass and circular velocity profiles have limited
dependence on the mass resolution. On average, we cannot
appreciate significant differences between the profiles of SHs in
the 1×B20 and 10×B20 simulations.

The details of the DM and baryon mass distribution in the
SHs have a significant dependence on the efficiency of the AGN
energy feedback. The simulations with a less efficient feedback
model (e.g., 10×B20 and 1×B20) cool more gas in the cen-
tre of their SHs. This process should lead to a more intense
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star formation in these regions, and the creation of dense stel-
lar cores. This effect is particularly evident in the SHs with large
masses, as shown in the bottom panels of Fig. 7, where the aver-
age mass profiles and profiles of circular velocity of the DM and
stars in SHs with masses of MSH > 1011 h−1 M� are shown sepa-
rately. In the 10×B20 and 1×B20 simulations, the stars domi-
nate the total mass (i.e., sum of dark matter, gas, and star masses)
profile within the inner .20−30 h−1 comoving kpc.

The high central stellar density in these simulations should
also trigger the contraction of the dark matter haloes. Thus, the
massive SHs in the 10×B20 and 1×B20 simulations are more
compact and have higher maximum circular velocities com-
pared to similar SHs in the 1×R15 and 1×RF18 samples. This

behaviour is clear in the upper panels of Fig. 7, showing the cir-
cular velocity profiles of DM and stars in the massive SHs sep-
arately. The 1×R15 and 1×RF18 simulations only differ sig-
nificantly in the very inner regions of the SHs, because of their
different softening scales.

3.5. Comparison with observations

A similar analysis of the mass and velocity profiles of lower
mass SHs indicates that the impact of AGN feedback and the
differences between the simulation types are mass dependent.
In Fig. 8, we show the satellite SH central velocity disper-
sion σ (first panel, defined as Vmax/

√
2, as in Appendix C of
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Bergamini et al. 2019), the half mass radii (second and third
panel, with R50% for the total mass content and the projected stel-
lar mass radius R?,50%) and the stellar mass M?, (fourth panel)
for SHs with velocity dispersion.

The first panel of Fig. 8 qualitatively shows the same results
as Fig. 4. Here, Bergamini et al. (2019) used a fixedσ−MSH rela-
tion and determine the σ−MSH obtained using using a Faber–
Jackson relation whose normalisation and slope are constrained
by the observed kinematics of cluster members. Granata et al.
(2022) had a fixed R?,50%−RSH,50% relation and used a fundamen-
tal plane (FP) relation, calibrated using Hubble frontier fields
photometry and data from the Multi Unit Spectroscopic Explorer
on the Very Large Telescope. The FP relation was then adopted
to compsborganiely fix the velocity dispersion of all members
from their magnitudes and half-luminosity and radii. The sec-
ond panel of Fig. 8 shows the half total mass radius of SHs.
We see that simulations overestimate the SH sizes. These val-
ues are consistent with their compactness overestimation shown
in the top panel of the same figure; in fact, the maximum cir-
cular velocity is a proxy for SH compactness (Bergamini et al.
2019). We see the same behaviour in the half stellar mass radius
presented in the third panel of Fig. 8, where we show the half-
mass radii of the stellar component vs. their SH mass. Here, we
compare our data with results from Granata et al. (2022) using
both their SH mass estimate (orange crosses) and the mass esti-
mates from Bergamini et al. (2019) (green diamonds), and we
see that simulations do under-estimate stellar component com-
pactness. In the fourth panel of Fig. 8, we compare the stel-
lar mass against total mass of simulated SHs with observations,
where we see that the stellar masses from low-mass simulated
SHs (MSH < 1011 h−1 M�) do overlap the values from observa-
tions. We therefore conclude that low-mass simulated SHs have
correct stellar fractions, but the level of compactness is too low
(see first and second panels of the figure).

Concerning high-mass SHs (M > 4 × 1011 as in the fourth
panel of Fig. 8), simulations do produce too many SHs. In fact,
observations have no SHs in this mass regime.

We finally ruled out the possibility that such an increase of
stellar mass is due to a wandering BH particle. In Fig. 9, we
track the four most massive SHs of the D6 (10×B20) back in
time and show that they had a nearest BH (searched within a
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are too large, while high-mass simulated SHs are too numerous (no
observations for SHs with MSH > 4 × 1011 h−1 M�).

sphere of 20 akpc h−1) and found that up to redshift z ≈ 0.3−0.4,
three of the four SHs have a BH near the centre (with distance
<1 kpc), and all of them have a stellar mass that is growing
smoothly.

Additionally, in Fig. 10 we show the Vmax−MSH relation and
colour-code SH points by the distance of the nearest BH distance
in units of the softening lengths (reported in Table 1). We notice
that most of the massive haloes have a well-centred BH (i.e.,
within a gravitational softening radius), while low-massive (M <
1011 h−1 M�) SHs tend to have no BHs. However, in this mass-
range the SHs without BHs have probably not been seeded yet,
and the Vmax parameter is under control.

Fig. 9. Four most massive central SHs of D6 10×B20. Upper panel
shows the distance from the nearest most massive black hole within
20 akpc h−1, central panel shows the evolution of the stellar mass and
bottom panel shows the evolution of the total SH mass. Each colour
represents a different SH. The blue upper line is relative to the BCG.

4. Conclusions

We studied the discrepancy between observations and simula-
tions found in M20 in detail, where it was found that observa-
tions show much more compact SHs than simulations. To this
end, we analysed the properties of SHs in the cluster core of sev-
eral hydrodynamic cosmological zoom-in simulations that were
run with different resolutions, feedback schemes, and softening
lengths.

In particular, we studied six Dianoga zoomed-in regions
re-simulated with the fiducial model (1×R15) used in M20, a
model with a larger softening and a different feedback scheme
(1×RF18), and a model with higher resolution (10×B20) where
feedback parameters have been re-calibrated to match obser-
vations at that resolution. We also ran their 1× counterpart,
1×B20, with the same exact feedback scheme as 10×B20 sim-
ulations in order to disentangle resolution effects from those
related to different implementations of AGN feedback.

We summarise with the following conclusions.
– Varying resolution levels, softening lengths, and feedback

schemes does not significantly impact the Vmax−MSH rela-
tion in the SH mass-range of interest for GGSL (i.e., low-
mass SHs with MSH < 1011 h−1 M�), and all the simulations
that we considered are unable to reproduce SH compactness
as observed by Bergamini et al. (2019). These same results
hold for Hydrangea simulations presented in Bahé (2021).

– Some setups (1×B20, 10×B20, and Hydrangea simula-
tions) are capable of producing a significant increase of Vmax
in high-mass SHs (MSH > 4 × 1011 h−1 M�), and they do
match the observed Vmax−MSH scaling relation. However,
this mass range is not of interest for GGSL comparisons,
because observations find almost no SHs in this mass range.

– We found that simulations with a high number of massive
SHs also have unrealistically high stellar masses due to a
low-efficiency AGN feedback. The fact that some of the
current simulations produce exceedingly high stellar masses
was already found in works such as RF18 and B20, and most
likely this very problem plagues the Hydrangea simulations
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too, as shown in Fig. 1 in Ragone-Figueroa et al. (2018) and
the right panel of Fig. 4 in Bahé et al. (2017).

– Given that different schemes produce different Vmax rela-
tions on high-mass SHs, we find partial agreement with
Robertson (2021), in that current high-resolution simula-
tions are not capable of constraining the ΛCDM paradigm.
However, we find that this is only true for high-mass SHs
(MSH > 4 × 1011 h−1 M�) and that properties of low-mass
SHs (MSH < 1010 h−1 M�) can be used in future simulations
to constrain cosmology.
In this work, we found that the discrepancy between observa-

tions and simulations found in M20 cannot be solved by simply
calibrating the feedback efficiency of simulations, because this
would lead to an unrealistically high number of bright galaxies.
Thus, it seems that modern hydrodynamic simulations cannot
reproduce both compactness and stellar masses of SHs in the
internal regions of galaxy clusters.

Finally, we find that the Vmax−MSH at MSH . 1011 h−1 M�,
which is the most relevant mass-range in GGSL, shows tension
between observations and simulations of different resolutions
and feedback parameters. Meneghetti et al. (2022) found that
all our simulations have problems in recovering GGSL probabil-
ity, in accordance with this work. In fact, while some simulations
can produce an integrated GGSL in agreement with observations
(as shown in their Fig. 3), it also true that the GGSL probability
of these setups is dominated by the contribution of the largest
secondary critical lines, as shown in their Fig. 7, where simula-
tions overestimate the number density of large secondary critical
lines.

The match between simulations and observed integrated
GGSL found in Robertson (2021) is thus not surprising. It is
likely due to an unrealistically high number of large secondary
critical lines with respect to observations (as noted before,
Hydrangea simulations do match the Vmax−MSH relation but only
in the high-mass regime of SHs). This still challenges either the
current feedback schemes or the underlying ΛCDM paradigm,
or both.
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