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Abstract. The star formation rate (SFR) of simulated galaxy clusters is compared to recent
observational studies at z = 0 and z ∼ 2. In particular, we analyze a set of zoom-in cosmological
hydrodynamical simulations centered on twelve clusters and carried out with the GADGET-
3 TreePM/SPH code. We find that simulated central galaxies produce an excess of stars at
z = 0, however at z ∼ 2 simulations under-predict the normalization of the relation SFR–
stellar mass of star forming galaxies by a factor of about 3 and are unable to reproduce the
observed starburst population. We conclude that the adopted sub-grid model for star formation
(Springel & Hernquist 2003), introduced to reproduce the self-regulated evolution of quiescent
galaxies, is not suitable to describe violent events like high-redshift starbursts, independently of
the choice of the parameters for the star formation and active-galactic-nuclei models. A more
extensive analysis is present in Bassini et al. (2020).
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1. Introduction
Numerical simulations have been unable to re-
produce the high star formation rates (SFR)
observed in proto-clusters characterized by
over-densities of dusty star-forming galaxies
(Granato et al. 2015). This result adds to a
long standing difficulty for cosmological sim-
ulations to reproduce star formation properties
of galaxies at high redshift, one of them be-
ing the main sequence of star forming galax-
ies (i.e., the relation between the SFR and the
galaxy stellar mass), computed at the maxi-

mum of the cosmic SFR density (Davé et al.
2019). Indeed, Granato et al. (2015) found that
the bulk of star formation within the observed
putative progenitors of massive galaxy clusters
occurred at higher rates and lasted less than in
simulations. This conclusion was based on the
observations available five years ago, charac-
terized by low angular resolution and for which
the SFRs were evaluated over one to a few Mpc
scale. More recently, with instruments like
ALMA, it has been possible to resolve single
sources within protoclusters (Wang et al. 2018,
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Gómez-Guijarro et al. 2019). At the same time,
progress has been made to increase the numer-
ical resolution needed to resolve higher den-
sity peaks and related higher SFRs. Thanks to
the CINECA allocated time we were able to
carry out a sample of simulations at a resolu-
tion 10 times better than what previous ana-
lyzed (Section 2) and one region at a resolution
improved by 250 times (Section 4).

2. Simulation

The analysis presented in this report is based
on a set of 12 hydrodynamical zoom-in sim-
ulations evolved in a ΛCDM cosmology, with
parameters: Ωm = 0.24, Ωb = 0.037, ns = 0.96,
σ8 = 0.8, and H0 = 100 h km s−1 = 72
km s−1 Mpc−1. The regions are extracted from
a parent dark-matter (DM) only simulation of
1h−1 Gpc side, resimulated at higher resolu-
tion (with mDM = 8.4 × 107h−1M� for DM and
mgas = 1.6× 107h−1M� for the initial gas parti-
cles) and with the addition of baryonic physics.
The simulations are carried out with the code
GADGET-3, a modified version of the Tree-
PM Smoothed-Particle Hydrodynamics public
code GADGET2 (Springel 2005). An exten-
sive description of the code (including rele-
vant references) is presented in Bassini et al
(2020) along with the details of the sub-grid
models adopted for the unresolved baryonic
physics (such as the prescription of metal-
dependent radiative cooling; the model of star
formation and associated feedback; the metal
enrichment and chemical evolution; the stellar
yields; the active-galactic-nuclei (AGN) feed-
back). The Plummer equivalent gravitational
softening adopted for DM particles is 4.2h−1

kpc (comoving) at z > 2 and 1.4h−1 kpc (phys-
ical) otherwise. The softening lengths for gas,
star, and blackholes particles are 1.4, 0.35, and
0.35h−1 kpc, respectively.

3. Results

3.1. SFR at z = 0

We verified that the stellar mass of the sim-
ulated galaxies (within either 30 or 50 kpc)
reproduce well the galaxy mass function de-
rived by Bernardi et al. (2013) and corrected

as in Bassini et al. (2020). On the other hand,
our simulated brightest cluster galaxies (BCG)
tend to be twice as massive as those observed
in similar mass cluster by Kravtsov et al.
(2018) and De Maio et al. (2018). After some
tests, we conclude that the current modelling of
the sub-grid physics, especially the AGN feed-
back, rather than the numerical resolution, im-
pedes us to simultaneously recover the galaxy
mass function and the BCG stellar mass. On
top of larger masses, the simulated BCGs also
over-produce stars at recent times with respect
to observations (Fig.1 left) and to a higher star
formation efficiency as confirmed by the com-
parison of the specific SFR defined as the SFR
normalized by the BCG stellar mass (Fig.1
right).

3.2. SFR at higher redshift (z > 2)

The inequality between simulated and ob-
served SFR changes sign at higher redshifts.
The left panel of Fig. 2 refers to z ∼ 2.3,
around the peak of the cosmic SFR, when we
detect the maximum discrepancy. The average
observed main-sequence behavior (red lines) is
at the highest end of the distribution of sim-
ulated galaxies whose mean trend is a fac-
tor of 3 below the observed one. Furthermore,
simulations cannot reproduce any existing ob-
served objects (blue and green points) char-
acterized by extreme values of SFR (see also
Granato et al. 2015). More generally, the obser-
vations suggest that the SFRs are distributed as
a double Gaussian around the main sequence
(Sargent et al. 2012) while simulations fail
to obtain any hint of a second Gaussian as-
sociated to the starburst galaxies (Fig.2 right
panel). Interestingly, the gap between obser-
vations and simulations subsists also for sim-
ulations obtained from cosmological volumes
(such as Magneticum shown in the right panel
of Fig. 2).

3.3. Global SFR

Lastly, in Fig.3 we show the comparison of the
evolution of the ratio between the global SFRs,
computed by summing over all cluster galax-
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Fig. 1. BCG SFR (left panel) and specific SRF (right panel) in simulations (grey points) and in the obser-
vations from McDonald et al. 2018 (red points). Measures are done within 30 pkpc in 2D. The slight offset
of the grey point is for visualization only. Median, 16th, and 84th percentiles are shown in blue.

Fig. 2. Left panel: SFR as a function of galaxy stellar mass at z ∼ 2.3. Red lines and green and blue points
are observational data. Grey points are galaxies in our simulations considering a 3D aperture of 30 kpc.
Black points and error are median and percentiles as in Fig.1. Right Panel: SFR distribution around the
main sequence of simulated clusters from our sample (blue), the Magneticum simulations (red and green)
and observations (yellow, Sargent et al. 2012).

ies, and the cluster mass. The simulated curve
grows with redshift as seen in observations but
the rate is shallower. In conclusion, simulations
overestimate also the global SFRs at low red-
shift and underestimate those at high redshifts
(see also Ragone-Figueroa et al. 2018).

4. Discussion and conclusions

The fraction of starburst galaxies and the nor-
malization of the main sequence might depend
on the choices of the parameters of the sub-grid
model. We therefore resimulate one region six

different times and each time we vary the fol-
lowing conditions:

(i) timescale for star formation;
(ii) density threshold for star formation;

(iii) both timescale and density threshold;
(iv) supernovae thermal feedback;
(v) AGN model;

(vi) turning off the AGN feedback.

Despite all these versions produce a different
amount of cold gas and star formation efficien-
cies, which lead to various galaxy mass distri-
butions, the normalization of the overall main
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Fig. 3. SFR normalised by cluster mass as a func-
tion of redshift. Black squares represent median val-
ues from Dianoga simulations (grey points). Dashed
black line is the best fit to simulations. Coloured
points are observational data. The solid black line
shows an empirical fit to data suggested by Cowie et
al. (2004) and Geach et al. (2006).

sequence and the absence of starburst galax-
ies are independent from the considered vari-
ation. Finally, two simulations were run at 25
times better resolution with two values of the
depletion timescale and the results shown be-
fore were confirmed. However, when a small
group (M = 1013 M�) was run at this high res-
olution with MUPPI-AGN as sub-grid model
(Valentini et al. 2020) instead of the effec-
tive model of Springel & Hernquist (2003), the
high-redshift star formation burst seemed to be
reproduced for the highest level of star forma-
tion efficiency. This may possibly point to the
effective model not being as sensitive as the
MUPPI model to the variation of the star for-
mation efficiency. It may also suggest how im-
portant it is to estimate the star formation rate
from the molecular phase, rather than from the
cold gas. This speculation will be further inves-
tigated in the near future with simulations run
with an ISCRA-B allotted time.
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