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ABSTRACT
The increasing number of distant galaxies observed with ALMA by the ALPINE and
REBELS surveys and the early release observations of the JWST promise to revolu-
tionize our understanding of cosmic star formation and the assembly of normal, dusty
galaxies. Here we introduce a new suite of cosmological simulations performed with
dustyGadget to interpret high-redshift data. We investigate the comoving star forma-
tion history, the stellar mass density and a number of galaxy scaling relations such as
the galaxy main sequence, the stellar-to-halo mass and dust-to-stellar mass relations
at z > 4. The predicted star formation rate and total stellar mass density rapidly
increase in time with a remarkable agreement with available observations, including
recent JWST ERO and DD-ERS data at z > 8. A well defined galaxy main sequence
is found already at z < 10 following a non evolving power-law, which - if extrapolated
at high-mass end - is in agreement with JWST, REBELS, and ALPINE data. This is
consistent with a star formation efficiently sustained by gas accretion and a specific
star formation rate increasing with redshift, as established by recent observations. A
population of low-mass galaxies (8 < Log(M?/M�) < 9) at z 6 6 − 7 that exceeds
some of the current estimates of the stellar mass function is also at the origin of the
scatter in the stellar-to-halo mass relation. Future JWST observations will provide
invaluable constraints on these low-mass galaxies, helping to shed light on their role
in cosmic evolution.

Key words: Cosmology: theory, galaxies: formation, evolution, chemical feedback,
cosmic dust.

1 INTRODUCTION

Since the Atacama Large Millimeter Array (ALMA)1

started observing the Universe at the highest redshifts, our
view of the first stages of cosmic star formation and galaxy
assembly has significantly improved, and we discovered that
within the first 1.5 billion years of galaxy evolution (z > 4)
the process of cosmic star formation had a profound and im-

? E-mail:claudia.dicesare@uniroma1.it
† E-mail: luca.graziani@uniroma1.it
1 http://www.almaobservatory.org

mediate impact on the chemical evolution of young galaxies
(Bromm & Yoshida 2011).

Although deep observations of single, high-redshift
dusty galaxies at the Epoch of Reionization (EoR) signifi-
cantly increased in the last decade (Cooray et al. 2014; Wat-
son et al. 2015; Capak et al. 2015; Hashimoto et al. 2018;
Laporte et al. 2017; Tamura et al. 2019; Bakx et al. 2020),
the recent advent of high-redshift surveys such as the ALMA
Large Program to Investigate [CII] at Early Times Survey
(ALPINE2, Le Fèvre et al. 2020; Faisst et al. 2020; Béther-

2 http://alpine.ipac.caltech.edu
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min et al. 2020b) and the Reionization Era Bright Emission
Line Survey (REBELS, Bouwens et al. 2021) has opened up
the possibility to build a coherent view of the early stages
of galaxy evolution and to explore the early evolution of
galaxy scaling relations, observationally well established at
lower redshifts (see for example Zahid et al. 2013; Cresci
et al. 2019; Ginolfi et al. 2020b; Hunt et al. 2020; Casasola
et al. 2020; Kumari et al. 2021; Tortora et al. 2022; Hayden-
Pawson et al. 2022). The combined dataset of the above
surveys covers in fact two complementary redshift ranges:
4.4 6 z 6 5.9 (ALPINE) and 6.5 6 z 6 9.4 (REBELS), and
already revealed the presence of chemically evolved, highly
interacting galaxies in the early universe, with hints on an
unexpected population of dusty, obscured star-forming ob-
jects (Fudamoto et al. 2021). Even more intriguing, a recent
analysis of a limited sample of galaxies available at even
higher redshifts (z > 9, Tacchella et al. 2022) provides in-
dications of efficient metal production at the early stages of
cosmic reionization.

The exciting, early release observations of the JWST
have already provided evidence of a significant star forma-
tion activity at z > 11 (Adams et al. 2022; Atek et al.
2022; Castellano et al. 2022; Donnan et al. 2022; Harikane
et al. 2022; Naidu et al. 2022; Yan et al. 2022; Zavala et al.
2022), with candidate galaxies showing a variety of phys-
ical properties (Leethochawalit et al. 2022; Santini et al.
2022). Another interesting candidate is found at z ∼ 14 with
Log(M?/M�) ∼ 8.5 (Finkelstein et al. 2022), in addition to
7 massive objects with Log(M?/M�) > 10 at 7 < z < 11,
including two galaxies with a surprisingly high stellar mass
of Log(M?/M�) ∼ 11 at these early epochs (Labbe et al.
2022), then questioned by Steinhardt et al. (2022). Although
preliminary and still not spectroscopically confirmed, these
early results suggest an early onset of galaxy evolution, con-
sistent with the picture outlined at longer wavelengths by
the ALPINE and REBELS surveys.

The ALPINE collaboration provided the first com-
prehensive, statistically significant, multi-wavelength (from
rest-frame UV to the far-infrared) sample of 118 spectro-
scopically selected main sequence galaxies evolving at the
end of the Epoch of Reionization. More information on the
detection strategy, the data-processing and the ancillary
data can be found in Le Fèvre et al. (2020); Béthermin et al.
(2020b); Faisst et al. (2020). The ALPINE sample targets
the emission of single ionised carbon [CII] at 158µm, which
traces both emission from star-forming regions and molecu-
lar hydrogen gas-clouds; the thermal continuum from dust
emission is also available for a wide set of galaxies observed
in the redshift range 4.4 < z < 5.9. Using the ALPINE
sample, both scaling relations and single objects properties
have been deeply investigated: the star formation rate den-
sity (computed from the UV+IR emission), the main se-
quence and the specific star formation rate relations are dis-
cussed in Khusanova et al. (2021), while Pozzi et al. (2021)
investigated the dust-to-stellar mass relation; the star for-
mation rate density from the total IR luminosity function
is finally estimated by Gruppioni et al. (2020). A careful
analysis of the kinematic diversity and rotation of massive
star-forming objects can be found in Jones et al. (2021);
Ginolfi et al. (2020c) focused on the pollution of the circum-
galactic medium of a merging system, while an interesting
case of a triple merger at z ∼ 4.56 is discussed in Jones et al.

(2020). The aim here is just to mention few among the many
works published by the ALPINE collaboration, and should
not be considered as an exhaustive and complete list. Fi-
nally, ALPINE observations first revealed that a significant
fraction of star formation in the post-reionization epoch is
already hidden by dust clouds (Béthermin et al. 2020a).

The REBELS survey (Bouwens et al. 2021) comple-
ments the ALPINE sample by dramatically increasing the
number of spectroscopically confirmed galaxies and dust-
continuum detections at z > 6.5. REBELS targets a
photometrically selected sample of 40 UV-bright galaxies
from a number of fields including COSMOS/UltraVISTA,
VIDEO/XMM-LSS+UKIDSS/UDS, HST legacy fields, and
the BoRG/HIPPIES pure parallel fields. More details on
the observational strategy and statistical significance of
the REBELS detections can be found in Bouwens et al.
(2021) (but see also Smit et al. 2018; Schouws et al.
2022a,b). REBELS observations of the above candidates al-
ready tripled the number of ISM cooling lines ([CII]158µm,
[OIII]88µm, Schouws et al. in prep) and dust continuum
detections of galaxies found in the Epoch of Reionization
(Inami et al. 2022), allowing us to explore the nature of
dust-rich galaxies, to characterise their dust properties, and
to study the dust buildup at these early cosmic epochs (e.g.
Dayal et al. 2022b; Ferrara et al. 2022; Sommovigo et al.
2022c, Schneider et al., in prep., Graziani et al., in prep.).
Detections of a strong Lyα line associated with the largest
[CII] line widths present in some candidates at z ∼ 7 is
discussed in Endsley et al. 2022. Finally, for an extended
discussion on the specific star formation rates (sSFR) of all
the galaxies in the sample, the interested reader is referred
to Topping et al. (2022).

Interestingly, both surveys probe objects with clear de-
tections of common lines and dust continua as well as consis-
tent absolute UV magnitudes (from -21.3 to -23 in REBELS
and -20.2 to -22.7 in ALPINE). Compatible ranges of stellar
masses are also found, allowing us to trace galaxy proper-
ties across the redshift range 4 6 z 6 7 and to extensively
compare with galaxy formation models.

During the past few years, many studies which were
based on data constrained models (Imara et al. 2018;
Behroozi et al. 2019), classical semi-analytic methods (Pop-
ping et al. 2017; Somerville et al. 2018; Yates et al. 2021;
Trinca et al. 2022), semi-numerical models running on
halo merger histories extracted from N-body simulations
(Mancini et al. 2015; Graziani et al. 2017a; Ginolfi et al.
2018; Ucci et al. 2021; Wang et al. 2021), or hydrodynami-
cal simulations (Sarmento et al. 2018; Pallottini et al. 2019,
2022; Graziani et al. 2020; Kannan et al. 2022; Wilkins et al.
2022) investigated the high-redshift Universe. This has been
done with the purpose of either interpret datasets based
on limited observational samples or to provide forecasts for
JWST observations (Yung et al. 2019; Behroozi et al. 2020).
The availability of coherent observational samples from sur-
veys certainly offers remarkable advantages to cosmological
models as they allow (i) to constrain the properties of a wide
range of simulated galaxies discovered in models at progres-
sively high-mass resolution; (ii) to assess the impact of feed-
back processes on galaxy evolution, (iii) to discover a possi-
ble redshift evolution in scaling relations well known at lower
redshift. Although at low redshift (z 6 5) the evolution of
stellar mass functions is relatively consolidated (Baldry et al.
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2012; Tomczak et al. 2016; Adams et al. 2021; Leslie et al.
2020), at higher redshifts disagreements emerge (Oesch et al.
2014; Bhatawdekar et al. 2019; Kikuchihara et al. 2020; Ste-
fanon et al. 2021b; Harikane et al. 2022). In addition, dust
obscuration complicates the measurement of the SFR, lead-
ing to an uncertain picture of the cosmic star formation rate
density (CSFRD) above z > 2 (Casey et al. 2018; Gruppi-
oni et al. 2020; Zavala et al. 2021; Barrufet et al. 2022).
Such discrepancies suggest that at early times, the physical
processes that regulate galaxy evolution are still not com-
pletely understood. Simulations and their comparison with
observations provide an effective path forward, in order to
better constrain galaxy properties and their evolution in the
early Universe.

In this paper we introduce a new suite of eight sta-
tistically independent hydrodynamical simulations evolving
cosmic volumes of 50h−1 cMpc / side length with a com-
mon chemical and mechanical feedback model; all runs are
performed with the dustyGadget code (Graziani et al. 2020)
improving the mass resolution and statistical significance of
the original work. The new simulation suite provides then
a large sample of dusty galaxies suitable to: (i) investigate
fundamental galaxy scaling relations (e.g the galaxy main
sequence, the stellar mass function, the specific star for-
mation rate evolution, the dark matter halo mass-to-stellar
mass etc...) at z > 4; (ii) have access to a rich set of dusty
halo environments in which different galaxy populations as-
semble and evolve (Schneider et al., in prep; Graziani et al.,
in prep); (iii) explore the nature of the stellar populations
and star-forming regions hosted by the brightest systems at
z > 6 (Venditti et al., in prep).

In this paper, we use the new dustyGadget simulation
suite to investigate galaxy scaling relations at z > 4 as
probed by current data at different wavelengths, including
the early JWST observations. The redshift evolution of all
the above objects and their placement on scaling relations
allow to firmly connect the core data of the REBELS and
ALPINE samples in a coherent evolutionary model and will
serve to disentangle odd and more rare galaxy evolution his-
tories (Di Cesare et al., in prep.).

The paper is organized as follows: in Section 2 we intro-
duce the dustyGadget model and the new simulation suite,
while Section 3 discusses the results of our analysis. In Sec-
tion 3.1 we discuss predictions of the cosmic star formation
rate density and the stellar mass density, in Section 3.2 we
explore the stellar mass functions. The canonical galaxy scal-
ing relations are also investigated: the galaxy main sequence
is discussed in Section 3.3 and 3.4, the specific star forma-
tion rate evolution in Section 3.5, the relation between dark
matter halo mass and stellar mass in 3.6 and the Mdust −M?

relation in Section 3.7. Finally, Section 4 draws our conclu-
sions.

2 GALAXY FORMATION SIMULATIONS

This section describes the hydrodynamical code
dustyGadget (Graziani et al. 2020), which extends the
original implementation of Gadget (Springel 2005) and its
successive improvements (Tornatore et al. 2007a,b; Maio
et al. 2009b) by implementing a model of dust production
and evolution in the interstellar medium (ISM) of the

simulated galaxies, consistent with the two-phase model
of Springel & Hernquist (2003). The code also follows the
spreading of grains and atomic metals through galactic
winds at the scales of both circumgalactic and intergalactic
medium (CGM/IGM).

The chemical evolution model of dustyGadget for the
gaseous components derives from the original implementa-
tion of Tornatore et al. (2007b): the model relaxes the In-
stantaneous Recycling Approximation (IRA) and follows the
metal release from stars of different masses, metallicity and
lifetimes. Different mass and metallicity-dependent yields
are implemented for PopII/I stars: coming either from core-
collapse supernovae (SNe) or type-Ia supernovae (SNIa).
Stars with masses > 40 M� are assumed to collapse into
black holes and do not contribute to metal enrichment.
PopIII stars with masses 140 M� 6 M? 6 260 M� are ex-
pected to explode as pair-instability SNe (PISN), according
to mass dependent yields from Heger & Woosley (2002).
PopIII stars which masses lie outside the PISN mass range
are assumed to collapse into black holes. The chemical net-
work in dustyGadget also includes the evolution of both
atomic and ionized hydrogen, helium, and deuterium by re-
lying on the standard Gadget implementation of the cos-
mic UV background, first introduced in Haardt & Madau
(1996a). The interested reader can find more details in
Graziani et al. (2020) and references therein.

Cosmic dust is introduced in the previous chemical net-
work consistently with the ISM cold and hot phases. Dust
production by stars is implemented to ensure consistency
with gas phase metal enrichment: mass and metallicity-
dependent dust yields (Bianchi & Schneider 2007; Marassi
et al. 2019) are computed for different stellar populations
(PopII, PopI and core-collapse SNe, PopIII and PISN) and
eventually corrected for the effects of the reverse shock pro-
cess occurring at unresolved scales (Bocchio et al. 2014,
2016). Following Graziani et al. (2020), four grain species are
modelled: Carbon (C), Silicates (MgSiO3,Mg2SiO4, SiO2),
Aluminia (Al2O3) and Iron (Fe) dust. However, the chemi-
cal evolution model is flexible enough to include other grain
types and to explore combinations of stellar yields and dif-
ferent assumptions on the shape of the stellar Initial Mass
Function (IMF). Once the grains produced by stars are re-
leased into the ISM, according to the properties of the en-
vironment in which they evolve, they experience different
physical processes altering their mass, relative abundances,
chemical properties, charge, and temperature. It is gener-
ally assumed that the dust-to-light interactions (e.g. photo-
heating, grain charging) change the thermodynamic and
electrical properties of the grains (see for example Glatzle
et al. 2019, 2022) but have a negligible impact on the total
dust mass unless the grain temperatures reach the subli-
mation threshold (Td,s & 103 K). Other physical processes
(i.e. sputtering and grain growth3) can alter, on the other
hand, both the total dust mass and the grain size distri-
bution (Draine 2011; Aoyama et al. 2020). The last version
of dustyGadget does not take into account the evolution of
grain sizes, but it only considers physical processes which

3 Note that a subtle interplay between grain charging and grain
growth process could alter the efficiency of the latter, as discussed
in Glatzle et al. (2022).
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directly alter the dust mass e.g. grain growth, destruction
by interstellar shocks, and grain sputtering in the hot ISM
phase (see Graziani et al. 2020 for more technical details on
their numerical implementation).

Finally, at the end of stellar evolution metals and dust
are spread in the surroundings of star-forming regions. The
dust distribution follows the atomic metal spreading without
accounting for any momentum transfer through dust grains.
At the same time, dusty particles associated with galactic
winds evolve in their hot phase through sputtering. There-
fore, the dust-to-metal ratio will be modulated depending on
the environment, obtaining different values for the galactic
ISM, CGM and IGM.

A new suite of eight statistically independent cosmo-
logical simulations, hereafter dubbed as U6-U13, is adopted
in the present work. All the runs share a common physi-
cal setup and simulate cosmic volumes of 50h−1 cMpc side
length adopting a flat ΛCDM cosmology with ΩΛ = 0.6911,
Ωm = 0.3089, Ωb = 0.0486 and h = 0.6774, consistent with
Planck 2015 (Planck Collaboration et al. 2016). The eight
cosmological simulations have an equal mass resolution of
3.53 × 107h−1 M� for dark matter (DM) particles and of
5.56× 106h−1 M� for gas particles, setup with 2× 6723 to-
tal number of particles4. The cubic volume and SPH res-
olution are chosen to guarantee a good compromise be-
tween an adequate statistics in each run and an accept-
able number of galaxies resolved with a total stellar mass
Log(M?/M�) > 8 by N? > 54 stellar particles of individual
mass 1.3 × 106h−1 M�. In addition, all the above require-
ments ensure a reasonable computational time for eight runs
performed in the redshift range 4 6 z 6 100. A good statis-
tics of galaxy candidates is required in fact to reproduce a
reliable trend of cosmic star formation history and the main
galaxy scaling relations, while the ability to resolve the most
massive star-forming environments is fundamental to per-
form a first exploration of the internal properties of some of
these candidates and their circumgalactic environments and
compare with possible observational counterparts5.

To ensure consistency across the simulations, all the
volumes share common assumptions on star formation pre-
scriptions, mechanical, chemical and radiative feedback pro-
cesses as described in Graziani et al. (2020); in the following
paragraph we briefly recap the main physical setup of the
simulation. The simulations start at z = 100 assuming neu-
tral pristine gas and evolve all particle components down to
z = 4 with 40 outputs at intermediate redshifts. For a bet-
ter comparison with previous work, and to assess the sta-
tistical convergence of the previously studied relations, we
adopted a chemical network accounting for molecules and
atomic metals (see Maio et al. 2010 for more details). Star
formation occurs in the cold phase of gas particles once their
density exceeds a value of nth = 132 h−2cm−3 (physical)6.
The IMF of the stellar populations, each represented by a

4 Note that both volume and the mass resolution of the present
simulation is increased with respect to the one discussed in
Graziani et al. (2020).
5 Once the best candidates are chosen we plan to perform zoom-
in simulations of their environments with the next version of
dustyGadget providing an updated model for H2-based star for-
mation and ISM (Graziani et al., in prep.).
6 This choice allows to capture all the relevant phases of cooling

single stellar particle, is assigned according to their metal-
licity Z?, given a gas critical metallicity Zcrit = 10−4 Z�

7.
When Z? < Zcrit we adopt a Salpeter IMF (Salpeter 1955)
in the mass range [100 − 500] M�. Otherwise, the stars are
assumed to form according to a Salpeter IMF in the mass
range [0.1−100]M�. Galactic winds are modelled with a con-
stant velocity of 500 km s−1, in line with outflows observed
in ALPINE normal galaxies (Ginolfi et al. 2020a). Radiative
feedback is implemented instead as in the original version of
Gadget, i.e. by adopting a cosmic UV background (Haardt
& Madau 1996b). Apart from the aforementioned calibra-
tions (i.e. galactic winds, radiative feedback), our model is
not calibrated on any particular observational set or survey.
We warn the reader that our simulations do not model the
formation of Active Galactic Nuclei (AGN)8 and do not ac-
count for mechanical or radiative feedback of formed black
holes.

Finally, a common post-processing setups is adopted as
well, in order to identify DM halos and their substructures
trough the AMIGA halo finder (AHF, Knollmann & Knebe
2009).

3 RESULTS

Here we discuss the results of our simulations. Section 3.1 in-
vestigates cosmic star formation and the galaxy stellar mass
function is derived in Section 3.2. Then we introduce many
galaxy scaling relations connecting the stellar mass of col-
lapsed objects (M?) with other galaxy or DM halo prop-
erties, including the main sequence of galaxy formation in
Section 3.3 and the specific star formation rate (sSFR-z) in
Section 3.5. Finally, the relation connecting stellar and DM
halo mass is discussed in Section 3.6, while the connection
with the dust mass (Md−M?) is investigated in Section 3.7.

3.1 Cosmic star formation history and cosmic
stellar mass density

The history of cosmic star formation, i.e. the redshift evolu-
tion of the total CSFRD (Ψ) and/or the total stellar mass
density (SMD, ρ?) are discussed in this section, comparing
the predictions of dustyGadget with available observations
and recent theoretical models at z > 4. The relations in-
vestigated here account for quantities directly inferred from
gas and stellar particles integrated into a comoving volume
VC = (50h−1)3 cMpc3 without requiring any halo/galaxy
definitions.

For each cube at a given redshift z, Ψ(z) is computed
as:

Ψ(z) =

∑
i SFRi(z)

VC
, (1)

until the onset of runaway collapse, as discussed in Maio et al.
(2009a).
7 Here, we assume Z� = 0.02 (Grevesse & Anders 1989).
8 The AGN feedback is presumed to be responsible for the bend-
ing at the high mass end of the main sequence and, since we do
not model the formation of AGNs, we find a different shape for
such relation if compared to models in which the AGN feedback
is taken into account (see Appendix B).
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Figure 1. Cosmic SFRD Ψ (top panels) and SMD ρ∗ (bottom panels) as a function of redshift z in the range 4 6 z 6 19 and averaged
through U6-U13 (see text for more details). Left panels: mean value of Ψ and ρ∗ (blue dots) and their spread between min/max found
in the eight cubes (blue shaded areas). Observed points are taken from Madau & Dickinson (2014) (black pentagons), Madau & Fragos
(2017) (sienna pentagons), Bouwens et al. (2020) (purple dots), Gruppioni et al. (2020) (orange squares), Khusanova et al. (2021) (green
dots), Merlin et al. (2019) (magenta triangles), Stefanon et al. (2021b) (green squares), Duncan et al. (2014) (yellow dots), Bhatawdekar
et al. (2019) (sky-blue triangles), Song et al. (2016) (pink triangles), Donnan et al. (2022) (empty stars with black border), Harikane et al.
(2022) (empty stars with cyan borders) and Santini et al. (2022) (empty stars with orange border). The data constrained best-fit functions
from Madau & Dickinson (2014) are shown as black solid lines, while the fits from Madau & Fragos (2017), Matthews et al. (2021) and
Harikane et al. (2021) are shown as sienna/dark orange/pink dashed lines; notice that from z = 10 these are extrapolations. Right
panels: Comparison with the results from other models and simulations, when available: Sarmento et al. (2018) (numeric simulation,
coral solid line), Johnson et al. (2013) (FiBY simulation, violet lines - the simulations with and without LW flux are shown respectively
in solid and dotted line styles), Davé et al. (2019) (SIMBA simulation, cyan solid line), Pillepich et al. (2017) (IllustrisTNG simulation,
light green solid line), Trinca et al., in prep (CAT semianalytic model brown lines - intrinsic and observable models are respectively in
solid and dashed-dotted line styles), Somerville et al. (2018), (semianalytic model, golden dashed dotted line), Behroozi et al. (2019)
(UNIVERSEMACHINE semianalytic model, olive dash dotted line).
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where SFRi is inferred from the i-th star-forming gas parti-
cle in the cube. While ρ∗(z) is defined as:

ρ?(z) =

∑
iM?,i(z)

VC
, (2)

where M?,i is the total mass of the i-th stellar particle in the
cube. Both quantities are shown in Figure 1 in the redshift
range 4 6 z 6 19. Blue, filled dots indicate the mean values
at any given redshift among the volumes (U6 - U13), while
the shaded areas show the minimum-maximum spread found
across the whole simulation sample. Ψ(z) rapidly increases
with decreasing z, from Ψ ∼ 10−6−10−7 M� yr−1 cMpc−3,
up to Ψ ∼ 10−2−10−1 M� yr−1 cMpc−3 by z ∼ 4; this trend
is mirrored by ρ?(z) in all the volumes, as the stellar mass
accumulates across cosmic time. In the same redshift range
in fact, ρ?(z) increases by more than 6 orders of magnitude,
starting from ρ? ∼ 10 M� cMpc−3.

To better understand the scatter across the eight cubes,
we investigate the values relative to each individual simula-
tion finding a tight convergence starting at z ∼ 12. Their
spread becomes relevant instead at z & 12, certainly be-
cause of the cosmic variance. At z & 12, the number of
star-forming systems is too scarce to collect detailed statis-
tics from a single simulated volume, therefore their quan-
tities hardly reflect the cosmological mean value. For this
reason, having more than one cube is effective in increas-
ing the global statistics at Cosmic Dawn. Despite the above
improvement, star formation at these early times is not yet
robustly structured and its evolution remains strongly de-
pendent on both different initial conditions and assembly
histories of each cube. In addition, our mass resolution does
not allow us to resolve the first star forming regions in mini-
halos, and the CSFRD and SMD are likely to be underesti-
mated at the highest redshifts.

To verify the above predictions, in Figure 1 we compare
them with the expectations of the data-constrained model
of Madau & Dickinson (2014) and Madau & Fragos (2017),
and with other estimates of the SFRD based on IR (Khu-
sanova et al. 2021; Gruppioni et al. 2020; Matthews et al.
2021; Merlin et al. 2019), rest frame UV (Donnan et al.
2022) and UV+dust corrected (Bhatawdekar et al. 2019;
Bouwens et al. 2020; Duncan et al. 2014; Harikane et al.
2021; Harikane et al. 2022) observations (top left panel).
The very recent JWST results are those from Donnan et al.
(2022) and Harikane et al. (2022). The SMD is compared
instead with Madau & Dickinson (2014); Stefanon et al.
(2021b); Song et al. (2016); Duncan et al. (2014); Grazian
et al. (2015); Bhatawdekar et al. (2019) and the latest JWST
estimates by Santini et al. (2022) (bottom left panel). Our
results for both SFRD and SMD relations are in overall
agreement with Madau & Dickinson (2014) at z . 8, even
though our trends appear slightly steeper at decreasing red-
shifts, but still in excellent agreement with Duncan et al.
(2014) and recent ALPINE estimates in Gruppioni et al.
(2020) and Khusanova et al. (2021).

At higher redshifts (z > 8) the values predicted by
dustyGadget are remarkably consistent with the recent re-
sults from JWST Early Release Observations (ERO) and
Early Release Science Program (ERS) both for the SFRD
(Donnan et al. 2022) and the preliminary estimates of the
observed SMD (Santini et al. 2022). This points to a higher

rate of star formation at high-redshift than previously in-
dicated by the ALMA Spectroscopic Survey Large Program
(Bouwens et al. 2020), Harikane et al. (2021) (top left panel,
in purple dots and pink dashed lines) and by Stefanon et al.
(2021b) (bottom panel, green squares).

In the right panels of Figure 1, we compare our re-
sults with some predictions of other semi-analytic models
and simulations i.e. Sarmento et al. (2018); Johnson et al.
(2013); Davé et al. (2019); Pillepich et al. (2017); Somerville
et al. (2018); Behroozi et al. (2019), Trinca et al. (in prep). In
particular, for the Cosmic Archaeology Tool (CAT, described
in Trinca et al. 2022) we show the estimates for the intrinsic
and observable SFRD and SMD: this last estimate has been
obtained using a threshold at MUV < −17.5. These mod-
els predict quite different trends, especially at high-redshifts
(z > 8), indicating that star formation at very early times
is strongly dependent on the analysed cosmological volume
and/or the adopted feedback model.

3.2 The stellar mass function

The growth of stellar mass (M?) during galaxy assembly is
often investigated with the stellar mass function (Φ, SMF)
as it provides important hints on how the total stellar mass
present in a cosmic volume (see the previous section) dis-
tributes across different luminous structures. Φ is usually
defined as the number density of galaxies as a function of
their M?, collected in a fixed redshift interval.

Here we investigate the evolution of Φ(z) in the redshift
range z = 10−4 as predicted by dustyGadget runs computed
as:

Φ[dex−1Mpc−3] =
dNi

dLogM?

1

VC
, (3)

where Ni is the number of galaxies in the i-th Log(M?/M�)
bin and VC = 503h−3 cMpc3 is the simulated comoving
volume. In each simulated universe, galaxies are extracted
from available catalogs at common, fixed redshifts and are
selected in the mass interval Log(M?/M�) ∈ [8− 11]9, then
binned within 0.2 dex. The resulting value in each bin is
finally divided by the size of the bin and VC.

From top left to bottom right, the panels of Figure 2
compare Φ in different redshift intervals10 with available ob-
servations. The mean value of Φ in each mass bin is shown
as magenta solid lines, the min-max spread found across the
simulated sample as pink shaded areas, while the Poissonian
errors are shown as gray shaded areas. Furthermore, we ap-
ply the proper conversion factors (Madau & Dickinson 2014)
to stellar masses that were originally computed with an IMF
different from the Salpeter (1955) one.

In recent years, predictions of the high-redshift SMF
both from observed data samples and theoretical models
have been published, complementing the estimates avail-
able in the Local Universe (see for example the GAMA

9 The lower bound of the mass interval is set to properly resolve
low-mass objects and the upper bound is linked to the size of the
simulated volume.
10 Each panel assumes the mid point of each specified interval as
the reference redshift at which the analysis has been conducted.
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Figure 2. Mass Function obtained from our simulated galaxies in the range z = 10 − 4: magenta solid lines show mean values of our
sample, pink shaded areas the min-max spread of the simulations and gray shaded areas the Poissonian error associated with our sample.
The SMF from observed galaxies are also reported in each panel: Stefanon et al. (2021b); Song et al. (2016); Duncan et al. (2014);
Bhatawdekar et al. (2019); Kikuchihara et al. (2020); Grazian et al. (2015); Davidzon et al. (2017); Caputi et al. (2011) and Santini et
al. (in prep) are respectively in orange circles, blue triangles, black pentagons, yellow triangles, green diamonds, brown triangles, red
hexagons, green empty squares and magenta squares. Finally, observational constraints at z ∼ 0 (gray squares) from Baldry et al. (2012)
are shown at z < 6 to guide the eye.

survey, Baldry et al. 2012). Grazian et al. (2015) recon-
structed the galaxy stellar mass function in the redshift
range 3.5 6 z 6 7.5 by collecting data from the CAN-
DELS/UDS, GOODS-South, and HUDF fields also provid-
ing a careful analysis of the many sources of uncertainty
when deriving Φ: stellar masses of observed galaxies, as-
sumptions on the star formation histories and on the evo-
lution of their metallicity. Random errors and discrepancies
originating from the adopted statistical methods and their
assumptions are also carefully discussed, such as the im-
pact of nebular lines and the modelled continuum, the ef-
fects of cosmic variance and the possible contamination by
AGN sources. The predicted SMF is represented in the fig-
ure panels as brown triangles and shows a good agreement
with the simulated Φ at Log(M?/M�) > 9.5, while provid-

ing lower values for smaller objects observed at 4 < z 6 5
(see bottom right panel). Recently Santini et al. (in prep.)
extended this analysis by combining all CANDELS fields
and the parallel fields from the Hubble Frontier Fields pro-
gram (Lotz et al. 2017), whose depth is crucial to probe the
highest redshift galaxies. Details on the adopted technique
can be found in Santini et al. (2021) and Santini et al. (2022,
subm.). The results, shown in the figure as magenta squares,
confirm the previous considerations for Log(M?/M�) > 9.5.
To extend the comparison at higher redshifts and provide a
more precise indication on the scatter among different ob-
servations, we complement the above dataset with estimates
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from Duncan et al. (2014) (black pentagons11), Song et al.
(2016) (sky blue triangles), Bhatawdekar et al. (2019) (yel-
low triangles), Kikuchihara et al. (2020) (green diamonds),
and Stefanon et al. (2021b) (orange dots). Finally, and as
a reference, we show observational constraints obtained in
the Local Universe (gray squares) by analysing the results
of the Galaxy And Mass Assembly (GAMA) survey (Baldry
et al. 2012).

As shown in Figure 2 an overall general agreement
between the simulation and the observed samples can be
found in the explored redshift range. At the highest red-
shifts, (9 < z 6 10, top left panel) the simulation pre-
dicts a number density of faint objects that exceeds re-
cent estimates provided by Stefanon et al. (2021b), but note
that the statistical sample of simulated and observed sys-
tems with Log(M?/M�) > 8 in this redshift range is less
significant than at lower redshift and more data is neces-
sary to consolidate the trends. While at 8 < z 6 9 (top
middle panel) dustyGadget seems to predict a lower num-
ber of objects compared with observations of Kikuchihara
et al. (2020); Bhatawdekar et al. (2019) and Santini et al.
(in prep.), it agrees with the estimates by Stefanon et al.
(2021b). In the redshift range 4 < z 6 7 the low-mass end
(Log(M?/M�) < 9.5) appears to be overestimated when
compared with data in Song et al. (2016) and Santini et al.
(in prep.), while the agreement improves when all the other
observational estimates are accounted for. An opposite trend
is found instead in the high-mass end (Log(M?/M�) > 9.5)
where the number of objects predicted by our simulations is
lower than estimates from observations. This can be due to
the adopted volume in dustyGadget simulations which lim-
its the number of high-mass (Log(M?/M�) > 10.5) galax-
ies. Finally, the interested reader is referred to Figure A1 in
Appendix A for a comparison between our predictions and
other available theoretical models.

Constraints from JWST observations on the popula-
tion of luminous galaxies having Log(M?/M�) < 9 will be
crucial for theoretical models in order to assess the prop-
erties of their metal/dust enriched ISM through emission
lines, as well as their relevance to cosmic Reionization.
dustyGadget simulations at present predict, in fact, that
these systems contribute 80% of the total M? in a cosmic
volume of 50h−1 cMpc at z ∼ 7.5, decreasing to 40% at
z ∼ 4.5. Assessing the statistical relevance of these galaxies
with observations will be then crucial to characterise their
properties and correctly model these environments in future
simulations (Venditti et al., in prep.).

3.3 Main sequence of galaxy formation

The galaxy main sequence (MS) of star formation indicates
that there is a strong correlation between the star formation
rate (SFR) and the stellar mass (M?) of samples of galaxies
observed at a given redshift. The MS encapsulates informa-
tion on the mechanisms and the efficiency of gas conversion
into stars at a fixed redshift; while robustly established at
low redshift where large galaxy samples are available, sev-

11 These data are based on deep near-infrared observations that
were available in the CANDELS GOODS South field.

eral works suggest that it also holds up to the first couple
of Gyr (Speagle et al. 2014).

In this section we investigate the redshift evolution of
the MS, in the redshift range 4 < z 6 10, by compar-
ing dustyGadget predictions with samples of isolated galax-
ies collected in Graziani et al. (2020) and Tacchella et al.
(2022), the new datasets offered by the REBELS (Bouwens
et al. 2022; Topping et al. 2022) and ALPINE (Faisst et al.
2020; Khusanova et al. 2021) surveys, the analysis of HST
Frontier Fields (Santini et al. 2017), the galaxies observed
at 6 < z 6 7 by Witstok et al. (2022), and with the re-
cent determinations based on JWST ERO and ERS (Bar-
rufet et al. 2022; Curti et al. 2023; Leethochawalit et al.
2022; Rodighiero et al. 2023; Sun et al. 2022; Trussler et al.
2022). For comparison, we also show extrapolations of the
MS based on low redshift observations (Speagle et al. 2014,
dotted lines). Figure 3 shows galaxies found in U6 with
Log(M?/M�) > 8 as grey dots, while their linear fits are in-
dicated as magenta solid lines. Here and in the following fig-
ures, vertical gray dashed lines indicate the maximum stellar
mass (M?,max) found in the simulation at each redshift, thus,
the fit above M?,max has to be interpreted as extrapolation
based on Log(M?/M�) < Log(M?,max/M�). At 4 < z 6 6
the galaxy MS has been reliably measured over a large range
of stellar masses by the analysis of HST Frontier Fields
(Santini et al. 2017, black crosses) and by the ALPINE
sample (Faisst et al. 2020, orange squares). Before JWST
early results, the available constraints at z > 6 were limited
at the high-mass end, for galaxies with Log(M?/M�) > 9.
When needed, we multiply the stellar masses and star for-
mation rates for the conversion factors by Madau & Dickin-
son (2014) to convert them from others IMF to the Salpeter
(1955) one.

The first four panels show the results obtained by Tac-
chella et al. (2022) with a sample of 11 bright galaxy can-
didates12 (green empty triangles), together with additional
observations of single galaxies collected in Graziani et al.
(2020) (red crosses) and the 5 bright Lyman-break galaxies
at z ∼ 7 by Witstok et al. (2022) (magenta diamonds). At
z > 6.5 a very important improvement has been achieved
by the REBELS collaboration (Bouwens et al. 2022), which
boosted by a factor of 3 the number of bright ISM-cooling
lines discovered, significantly extending the number of avail-
able objects observed during the Epoch of Reionization
(EoR). Here we show the results obtained by Topping et al.
(2022) (blue pentagons), where M? are computed using a
non-parametric star formation history (SFH). Given the
limited range in the stellar mass, Topping et al. (2022)
fixed the slope of the main sequence to the values deter-
mined by Schreiber et al. (2015) at z = 7 and constrained
the MS normalization for the REBELS sample, finding
Log(SFR/M�yr−1) = Log(M?/M�) − 8.12 (see the dash-
dotted line in the top-right panel of Figure 3).

A collection of data obtained by independent studies
based on JWST ERO and ERS is also reported in Figure

12 Note that among these galaxies, previously selected in the
CANDELS fields by Finkelstein et al. (2021), only three are
spectroscopically confirmed so far: EGS-6811, EGS-44164 and
GOODSN-35589, respectively at z = 8.68, 8.66 and 10.96 (filled
green triangles).

MNRAS 000, 1–21 (2016)



High-z scaling relations 9

0.5

0.0

0.5

1.0

1.5

2.0

2.5

Lo
g(

SF
R/

M
yr

1 )

9 < z 10

This work
This work, linear fit
Tacchella+22

8 < z 9

Graziani+20
REBELS
Trussler+22
Barrufet+22
Rodighiero+22

7 < z 8

Leethochawalit+22
Curti+22

8.0 8.5 9.0 9.5 10.0 10.5
0.5

0.0

0.5

1.0

1.5

2.0

2.5

Lo
g(

SF
R/

M
yr

1 )

6 < z 7

Speagle+14
Topping+22
Witstok+22
Sun+22

8.0 8.5 9.0 9.5 10.0 10.5
Log(M /M )

5 < z 6

Santini+17

8.0 8.5 9.0 9.5 10.0 10.5

4 < z 5

Khusanova+21
Faisst+20

Figure 3. MS of star formation in the redshift range between 10 (top left) and 4 (bottom right): comparison between simulated galaxies
with Log(M?/M�) > 8 from U6 (gray points), their linear fit in log-scale (magenta solid line), and observed galaxies found in the
literature. Green triangles are the galaxies from the work by Tacchella et al. (2022) - filled triangles are for the sources that have been
spectroscopically confirmed, while empty ones are for those which have not been confirmed yet (see the text for more details), red crosses
are respectively single observations and upper limits collected in Table 2 of Graziani et al. (2020). Blue pentagons are the observations
obtained by the REBELS survey described in Topping et al. (2022), empty stars with cyan, purple, orange, black, green and pink borders
are the preliminary results from JWST respectively by Barrufet et al. (2022); Rodighiero et al. (2023); Curti et al. (2023); Leethochawalit
et al. (2022); Sun et al. (2022); Trussler et al. (2022). Magenta diamonds are the recent observations by Witstok et al. (2022) and the
orange squares show the ALPINE sample by Faisst et al. (2020) at 4.4 < z < 5.9. Finally black crosses are the average values from
the analysis of the HST Frontier Field by Santini et al. (2017).Dotted brown lines are the fitting functions by Speagle et al. (2014),
dash-dotted green lines are from Schreiber et al. (2015) and the fitting functions of the ALPINE objects obtained by the Khusanova
et al. (2021) are the orange dashed lines

.

3 (empty stars). Although the spectroscopic confirmation
is available only for a small number of sources, this figure
shows the enormous potential of JWST in constraining the
slope of the galaxy MS at z > 6. The dustyGadget fit at
7 < z 6 9 appears very consistent with some JWST data
at the low-mass end (Rodighiero et al. 2023; Trussler et al.
2022; Leethochawalit et al. 2022) and, when extrapolated
at the high-mass end, with JWST data from Barrufet et al.
(2022) and with the REBELS sample, favouring a steeper
slope compared to Speagle et al. (2014); it is also in good

agreement with the extrapolation of Schreiber et al. (2015)
done by Topping et al. (2022) (see also Section 3.4.2 for the
fitting functions based on dustyGadget predictions). While
our simulation lacks a significant statistics at the extreme
SFR and stellar mass end (see however Figure 4, where we
show the results for all our simulated cosmic volumes), we
point out that some studies find a piecewise fit to the star
forming sequence at high-redshift (Lovell et al. 2021), to
account for the bending seen in the sequence (Popesso et al.
2022; Sandles et al. 2022). A comparison with independent
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model results is illustrated in Figure B1 and a discussion of
the evolution of the MS slope is presented in Section 3.4.2.

In the last two redshift panels, we show that our simu-
lated sample is consistent with a number of ALPINE galax-
ies found in the post-EoR epoch (6 < z < 4), i.e. we
find that 77% of the simulated candidates in the bottom
mid panel and 73% in the bottom right panel are consistent
with the ALPINE galaxies. In these redshift windows, a good
agreement is also found with the trend suggested by the es-
timates of Santini et al. (2017), particularly at 4 < z 6 5,
although the large standard deviations associated with the
mid-points of mass bins do not allow to place stringent con-
straints. JWST early results allows us to constrain both the
high-mass end (i.e. Log(M?/M�) > 9.5, see for example the
data from Barrufet et al. 2022 and Rodighiero et al. 2023),
as well as the low-mass end (Rodighiero et al. 2023) of the
relation.

Finally, we compare the linear fit of our simulated uni-
verse (magenta solid line) with the fitting function of the MS
by Speagle et al. (2014) (brown dotted line) and the fitting
functions obtained from the ALPINE data by Khusanova
et al. (2021) (dashed orange lines). In the redshift range
4 < z 6 6 our fit seems to predict a steeper MS compared
to Speagle et al. (2014), while at 4 < z 6 5 a shallower slope
is found compared to Khusanova et al. (2021)13. In the next
section we provide a more in-depth analysis of our results.

3.4 Additional properties of the galaxy main
sequence

In this section we discuss the impact of simulated cosmic
variance and a possible redshift evolution of the slope of
our fits. A comparison with the findings of other simula-
tions adopting different simulated cosmic scales and numer-
ical schemes is presented in Appendix B.

3.4.1 Impact of simulated cosmic variance

To understand the impact of cosmic variance in our predic-
tions, in Figure 4 we compare the linear fits of the predicted
MS across the eight simulated volumes in the same redshift
bins of Figure 3. We limit to the higher three redshift inter-
vals, as at z ∼ 7 all the predictions tightly converge. Due to
fewer statistics, the largest deviation is found at the highest
redshifts, with a deviation in the slope of ∆m = 0.11, while
it reduces to ∆m = 0.04 in the lowest redshift bin. Within
the above variations, our simulations confirm an even better
agreement between the trends followed by simulated and ob-
served galaxies. Note, for example, that in the redshift range
7 < z 6 10 a better consistency is found with the galaxies
analyzed in Tacchella et al. (2022); Graziani et al. (2020);
Bouwens et al. (2022); Leethochawalit et al. (2022); Curti
et al. (2023); Trussler et al. (2022); Barrufet et al. (2022).
As already mentioned, vertical gray dashed lines indicate

13 We remind the reader that the results are sensitive to the way
the data is binned/aggregated in redshift. For example, in the
work done by Faisst et al. (2020) the ALPINE collaboration finds
that the entire galaxy sample 4 < z < 5.9 (orange squares) is
compatible with the relation found by Speagle et al. (2014) at
z = 5 within a ±0.3 dex width.

M?,max found in each simulation. Notice how, once we take
into account all the available simulated cubes14 , there is an
increase in the statistics of the simulated objects resulting in
higher upper limits for the stellar masses (i.e. vertical lines
move towards higher mass values once compared to those in
Figure 3).

3.4.2 Redshift evolution of the main sequence

There is a general consensus about the increasing normal-
ization of the MS with redshift, which is associated with a
higher rate of gas accretion onto galaxies in the early Uni-
verse. However, a possible evolution in the slope of the MS
is hard to constrain because of its dependence on the sample
selection and the SFR tracer adopted (Speagle et al. 2014).
At z < 4, observations seem to suggest that the MS is char-
acterized by a constant slope that is close to unity when
considering M? < 1010.5M� (Whitaker et al. 2014; Tasca
et al. 2015; Schreiber et al. 2015; Tomczak et al. 2016; San-
tini et al. 2017), suggesting a similarity in the gas accretion
histories of galaxies. At higher redshifts Khusanova et al.
(2021) investigated the MS using the ALPINE sample, find-
ing no evidence for a change in the MS slope between z ∼ 4.5
and z ∼ 5.5. Very recently Popesso et al. (2022); Daddi et al.
(2022) investigated the MS evolution in the redshift ranges
0 < z < 6 and 0 < z < 4 respectively. In both cases, they
find that at the faint-end the MS has a linear slope that
does not change with time, while at large stellar masses the
MS bends, with a turn-over mass that is evolving with time.
They interpret this result as an indication of a transition
between a regime where star formation is efficiently sus-
tained by gas accretion to a regime where star formation
is suppressed by the interplay between the hot gas in mas-
sive halos and central black hole feedback (Popesso et al.
2022). However their turn-over mass is Log(M?/M�) ∼ 10.9
at z ∼ 6 and Log(M?/M�) ∼ 10.6 at z ∼ 4. As it can be
seen from the two bottom right panels of Fig. 3, our simu-
lation predicts zero or very few galaxies with masses above
the turn-over mass and, as a consequence, our fit is sensitive
to lower mass objects. Because of this, our simulation can
only sample the regime of stellar masses where observations
do not expect a significant evolution in the MS slope and
galaxies are found to evolve with a constant SFR per unit
stellar mass.

In order to study the main sequence slope at higher red-
shift (z > 6) and to have a significant number of simulated
candidates, we restrict our analysis to the redshift range
6 < z 6 9 to explore if our simulations predict any evolu-
tion in the MS slope. Figure 5 shows the linear fit (green)
we performed on our simulations when considering galaxies
with Log(M?/M�) > 8 and the standard error associated
with the value of the angular coefficient at each z (shaded
region). In particular, solid lines correspond to the linear fit
in the redshift range 8 < z 6 9, dashed lines to 7 < z 6 8
and dashed-dotted lines to 6 < z 6 7.

The best fits we obtained for each of the following red-

14 In this work we usually consider U6 as our reference run (Re-
fRun), unless otherwise specified.
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Figure 5. Linear fits of the data (magenta) from our simulations,
considering galaxies with Log(M?/M�) > 8. Each fit has been
performed in three different redshift bins 6 < z 6 7, 7 < z 6 8,
8 < z 6 9 considering all the available cubes at these redshifts,
Together with the linear fit we also show here the standard error
associated with the angular coefficient (pink shaded regions). In
orange, green and light-blue we report respectively the best fits
obtained by Popesso et al. (2022) at z = 6, Schreiber et al. (2015)
at z = 7 and Speagle et al. (2014) at z = 6.5 and z = 7.5.

shift bins 6 < z 6 7, 7 < z 6 8, 8 < z 6 9 are respectively:

Log SFR = (0.948± 0.004)Log M? − (7.83± 0.03) (4)
Log SFR = (0.951± 0.007)Log M? − (7.73± 0.06) (5)

Log SFR = (0.98± 0.01)Log M? − (7.8± 0.1) (6)

where Log SFR = Log(SFR/M�yr−1) and
Log M? = Log(M?/M�).

Both slope and normalization of the simulated MS ap-
pear to be constant, within the errors.

In Figure 5 we also compare our results with the best fit
functions by Popesso et al. (2022) and Speagle et al. (2014)
respectively in orange and blue. Both relations are calibrated
on lower redshifts observations (0 < z < 6 and 0 < z < 4)
but they can be exploited to assess the MS evolution at
higher z.

As expected, we are not able to reproduce the bending
found by Popesso et al. (2022), whereas our predicted slope
at 6 < z 6 9 is steeper than the extrapolation of Speagle
et al. (2014) and favoured by JWST early results, as dis-
cussed above.

3.5 Redshift evolution of the specific star
formation rate

The specific SFR (sSFR), i.e. the SFR per unit stellar mass,
is often used as an additional diagnostic of how SFR and
M? are related. Observational determinations of the sSFR
at high-z have largely benefit from improved constraints on
dust-obscured star formation coming from dust continuum
detections with ALMA (Khusanova et al. 2021; Topping
et al. 2022). This section investigates the redshift evolution
of the median values of the sSFR in our simulations15. Figure

15 The sSFR is derived accounting for galaxies with masses in
the range Log(M?/M�) = [8− 11].
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borders we show the sSFR in the mass range 9.6 < Log(M?/M�) < 9.8, compatible with the median mass value of Log(M?/M�) ∼ 9.7
present in observed samples. We compare our results with the models by Dekel et al. (2009); Davé et al. (2011); Sparre et al. (2015)
(gray dotted line), Topping et al. (2022) (black dashed line) and Dayal et al. (2022a) (blue solid line), and with the observations by the
REBELS survey Topping et al. (2022) (blue stars), Tasca et al. (2015) (yellow squares), Santini et al. (2017) (orange triangles), Stefanon
et al. (2021a) (red squares), Khusanova et al. (2021) (green pentagons), Leja et al. (2021) (turquoise points) and the empty square with
black border is the estimate of the sSFR at z=0 by Hunt et al. (2020)

.

6, (adapted from Topping et al. 2022), shows dustyGadget
predictions (magenta hexagons) and its comparison with
theoretical models and observations. Theoretical models in
which the growth of galaxies is mainly regulated by gas ac-
cretion through cold streams (Dekel et al. 2009; Davé et al.
2011; Sparre et al. 2015), predict a sSFR rapidly rising to-
ward higher redshifts, with a dependence proportional to
(1 + z)2.25 (gray dotted line). Deviations from this estimate
could arise from a different behaviour of feedback processes
in the high-z Universe. For example, a different efficiency in
gas accretion could significantly alter the rate of star for-
mation, and JWST data will certainly provide clues on how
fast gas is converted into stars within the EoR.

At lower redshift, larger samples of galaxies with highly

reliable spectroscopic redshift are available from: (i) the
VIMOS Ultra-Deep Survey (VUDS) (yellow crosses, Tasca
et al. 2015), (ii) the deep COSMOS-2015 and 3D-HST rest
frame UV-IR photometric catalogs (turquoise points, Leja
et al. 2019, 2021), clearly showing a redshift dependence of
the sSFR.

The above evolution, on the other hand, is not con-
firmed by all data, especially at the highest redshifts. Ob-
servations from the first four HST Frontier Field clusters
(orange triangles) collected with a fixed mass bin 9.5 6
Log(M?/M�) 6 10 and an average value of Log(M?/M�) ∼
9.7 (Santini et al. 2017) confirm a mild evolution up to z ∼ 6,
while the ALPINE sub-sample analyzed by Khusanova et al.
(2021) (green pentagons), with candidates in the mass bin
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9.6 6 Log(M?/M�) 6 9.8, shows little to no evolution at
4.5 6 z 6 5.5. The REBELS collaboration (Topping et al.
2022) provided a power-law fitting of the REBELS galax-
ies and other available measurements adopting a fixed mass
bin of Log(M?/M�) = 9.6−9.8 and a constant SFH, finding
that the sSFR increases with redshift ∝ (1 + z)1.7±0.3 over
the redshift range z ∼ 1 − 7. Using a non-parametric SFH
for REBELS galaxies, which significantly affects the stellar
mass derivation at the low-mass end, the evolution at a fixed
stellar mass of Log(M?/M�) = 9.7 is only mildly affected16,
with sSFR ∝ (1+z)1.6±0.3 in the same redshift range (black
dashed line). Note, however, that - among the low-redshift
observations - only the Leja et al. (2019, 2021) derivations
are based on a non-parametric SFH, and this would favor a
steeper evolution with redshift.

A non-parametric SFH increases the M?, reducing the
sSFRs to sSFR = 7.1+2.8

−2.2 Gyr−1 when considering the entire
REBELS sample, or to sSFR = 6.2+2.4

−1.8 Gyr−1 when consid-
ering the mass range 9.6 < Log(M?/M�) < 9.8, consistent
with the ALPINE sample, at z ∼ 7 (Topping et al. 2022).
Finally, Stefanon et al. (2021a) (red squares) derived the
sSFRs for a sample of Lyman-Break galaxies at z ∼ 8 with
MUV similar to that of REBELS showing even higher sSFR
at z ∼ 8, compatible with the original trend (gray dotted
line).

Recently, semi-analytic models provided theoretical es-
timates of the sSFR predicted by the REBELS collabora-
tion (see Topping et al. 2022) as shown in Figure 6. The
DELPHI model (Dayal et al. 2014, 2022a) for example, pre-
dicts a power-law evolution at z > 4 (solid blue line), con-
sistent with REBELS power-law fitting up to a normaliza-
tion factor. dustyGadget predictions are in agreement with
the smooth evolution (black dashed) proposed by Topping
et al. (2022). However, to guarantee consistency across ob-
served and simulated data samples, a uniform stellar mass
range is required. For the above reason we first computed
the sSFR on the full galactic sample discussed in this pa-
per (Log(M?/M�) > 8) (magenta hexagons), and then
we made the same estimates considering the mass range
9.6 < Log(M?/M�) < 9.8, compatible with the median mass
value of Log(M?/M�) ∼ 9.7 present in observed samples.
These results are shown in Figure 6 as magenta hexagons
with black borders. More specifically, we find sSFR = 2.5
Gyr−1 at z = 4.5 and 3.9 Gyr−1 at z = 5.5, respectively,
where a sufficiently large number of simulated galaxies is
available. When restricting to the aforementioned stellar
mass bin, our results increase by ∼ 3−8% and we find sSFR
= 2.7 Gyr−1 at z = 4.5 and 4.0 Gyr−1 at z = 5.5. Overall,
our simulation suggests an increase of the sSFR with redshift
in the range 4 < z < 10, consistent with current observa-
tions and with theoretical expectations based on increased
baryon accretion rates at high-redshifts. As a comparison
with the Local Universe, in Fig. 6 we also show the sSFR at
z = 0 estimated by Hunt et al. (2020)17. Assuming the mid

16 The difference between stellar masses derived assuming a
constant SFH or a non-parametric SFH is particularly signif-
icant for young and low-mass galaxies (i.e. Age < 10 Myr and
Log(M?/M�) < 9 respectively). A detailed comparison of stel-
lar masses derived by the two methods applied to the REBELS
sample can be found in Topping et al. (2022).
17 In estimating the sSFR we considered the mass range 8 <

point of the observed mass range to be Log(M?/M�) = 9.5
and using Equation 1 of Hunt et al. (2020), we obtain a
sSFR of 0.12 Gyr−1.

3.6 Halo-Stellar mass relation

The relation between the dark matter mass of a halo (Mhalo)
and the stellar mass of its galaxies is often assumed by semi-
analytic or data-constrained models which do not explicitly
model baryonic processes with a hydrodynamical approach.
Accordingly to these theoretical schemes Rees & Ostriker
(1977); White & Rees (1978); Fall & Efstathiou (1980), the
assembly of the stellar mass is driven by the large-scale
process of dark matter accretion either through mergers or
smooth accretion from filaments, prompting the flow of cold
gas into the central galaxy. As a result, the stellar-to-halo
mass relation (SHMR) is a proxy of the star formation ef-
ficiency. The same scaling relation is often adopted by ob-
servers to provide lower limit constraints on DM overden-
sities associated with luminous objects. We multiply by a
factor 1.7 (Madau & Dickinson 2014) the stellar masses to
convert them from a Chabrier (2003) to a Salpeter (1955)
IMF.

Figure 7 shows results from our simulations (gray dots)
and their median trends (magenta solid lines). Vertical and
horizontal dashed lines show respectively the maximum halo
mass (Mhalo,max) and M?,max found in the RefRun. We also
report recent observational constraints on the SHMR from
abundance matching techniques by Stefanon et al. (2021b)
(orange circles) and Finkelstein et al. (2015) (red hexagons).
Estimates by Harikane et al. (2016), which rely on the two-
point correlation function of LBGs, are shown as light blue
diamonds, while the recent estimates based on the COS-
MOS2020 catalog from Shuntov et al. (2022) are in or-
ange dash-dotted lines. We also show the redshift dependent
SHMR predicted by the data-constrained model of Behroozi
et al. (2019)18 (red dotted lines and shaded areas) and ad-
ditional theoretical models which either assume a constant
SHMR above z > 4 (Tacchella et al. 2018), or introduce
a redshift dependent conversion efficiency between the halo
accretion rate and the star formation rate (Moster et al.
2018, dashed-dotted light blue lines, Sun & Furlanetto 2016,
loosely dashed green lines). Finally, as a reference to predic-
tions in the Local Universe, we also show the behaviour of
the SHMR relation at z ∼ 0 by Behroozi et al. (2019).

At all redshifts, our simulations indicate the expected
monotonic increase of M? with Mhalo. The simulated systems
show a significant scatter in the relation, particularly at the
low-mass end, where we have larger statistics. At 5 < z 6 6,
DM halos with mass Log(Mhalo/M�) = 10.5 are predicted
to host galaxies with stellar masses 8 6 Log(M?/M�) < 9,
likely reflecting the ongoing process of galaxy assembly and
the large variety of SFHs experienced by these systems.

Log(M?/M�) < 11 in order to be consistent with the one anal-
ysed in the present work. Notice that even at z = 0, where the
data sample is larger, the sSFR changes by ∼ 0.5 dex depending
on the mass range considered.
18 For this comparison, we considered the average halo masses
as a function of observed stellar masses found in the database of
Behroozi et al. (2019).
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Figure 7. Redshift evolution of the stellar mass (M?) and halo mass (Mhalo) relation. Here we compare our simulated galaxies (gray
points) and their median trends (magenta solid lines)

with the observations by Stefanon et al. (2021b) (orange circles), Harikane et al. (2016) (light blue diamonds), Finkelstein et al. (2015)
(red hexagons), Shuntov et al. (2022) (dash-dotted orange line) and the predictions obtained by Behroozi et al. (2019); Tacchella et al.
(2018); Sun & Furlanetto (2016) (respectively in red dotted lines, dash double dotted blue lines and loosely dashed green lines). The

behaviour of the Mhalo −M? relation at z ∼ 0 (Behroozi et al. 2019) (dashed black lines) has been shown to guide the eye.

When compared to other models and observations, our me-
dian trends are generally consistent with previous results.

However, at z 6 6 our simulated galaxies appear to
grow in mass more efficiently, with a deviation in the median
trend at Log(Mh/M�) < 11 that progressively increases
with time. This is consistent with the estimated low-mass
end of the SMF, which appears to predict a larger number
density of systems compared to some observational deter-
minations (see Section 3.2) and model predictions (see Ap-
pendix A) at z 6 6, while being in agreement with other ob-
servational and theoretical studies. This may suggest that in
low-mass galaxies feedback may be more effective than mod-
elled by dustyGadget (see for example Graziani et al. 2015,
2017b), despite the encouraging agreement between our pre-
dicted galaxy MS and JWST early results in the mass range
108 − 1011 M� at z = 4− 9.

3.7 Dust-to-stellar mass scaling relation

This section updates our predictions on the relation between
dust (Md) and stellar mass content in high-z galaxies. In
Graziani et al. (2020) the same relation was shown for the
first time as predicted by a lower mass resolution simula-
tion performed on a 30h−1 cMpc cosmological volume. The
highest mass resolution of the new simulations allows to (i)
better model processes occurring in the ISM of galaxies with
Log(M?/M�) > 9, (ii) investigate in more detail systems in
the intermediate mass range (8 6 Log(M?/M�) 6 9), and
(iii) collect a larger number of assembly histories from the
eight simulations, thanks to the increased statistics, partic-
ularly at the high-mass end. Here the simulations are also
compared with the REBELS sample (dust mass estimates
provided by Sommovigo et al. 2022a), with ALPINE galax-
ies (estimated in Pozzi et al. 2021 and Sommovigo et al.
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Figure 8. Dust mass (Md) as a function of the stellar mass (M?) both in units of M� for simulated galaxies with Log(M?/M�) > 8

extracted from simulation U6 (gray points). The evolution is investigated in the redshift range 4 < z 6 10. Red crosses are observations
from the compilation by Graziani et al. (2020) (see their Table 2), blue pentagons are from the REBELS survey Sommovigo et al. (2022a)
and magenta diamonds are observations from Witstok et al. (2022).Orange squares and crosses are the dust masses obtained within the
ALPINE survey by Pozzi et al. (2021) assuming respectively Td = 25K and 35K, while green triangles are the recent estimates, for some
of the ALPINE galaxies, by Sommovigo et al. (2022b) where < Td > = 48 ± 8 K. We also compare our results with other independent
studies: dash-dotted violet lines are the averaged trends computed by Popping et al. (2017), pink solid and dashed lines are respectively
the fiducial and maximum models of Vijayan et al. (2019), and green dotted lines show predictions by Imara et al. (2018).

2022b) and with a recent dataset provided in Witstok et al.
(2022). Also in this case, we multiply by a conversion fac-
tor 1.7 the stellar masses to convert them from a Chabrier
(2003) to a Salpeter (1955) IMF.

Figure 8 shows the redshift evolution of the Md −M?

relation for galaxies with Log(M?/M�) > 8 found in our
RefRun (U6, gray points), while vertical dashed lines show
the M?,max value at each redshift. We also show predictions
from the empirical model by Imara et al. (2018) (green dot-
ted lines), the semi-analytic model of Popping et al. (2017)
(purple dash-dotted lines), and the median/maximal rela-
tion of Vijayan et al. (2019) (pink solid/dashed lines, re-
spectively).

The new simulation enforces the s-shape trend found
in Graziani et al. (2020) with increased statistics, extending

it towards larger stellar masses. The Md −M? relation that
we find confirms the good agreement with the predictions by
Popping et al. (2017) in the redshift range 4 < z 6 9, and
lies in between the median and the maximum relations of
Vijayan et al. (2019). However, we systematically predict,
both at 9 < z 6 10 and at 5 < z 6 6, less dust-enriched
systems compared to Imara et al. (2018).

The observational dataset relies on single dusty galax-
ies (including the sample of ALESS galaxies) collected in
Graziani et al. (2020) (red, Table 2 of that paper), on
ALPINE continuum detection (orange, Pozzi et al. 2021)
on the recent estimates of the dust mass budget in the
ALPINE sample by Sommovigo et al. (2022b) (green) and
on dust masses derived from dust continuum detection of
REBELS galaxies (Inami et al. 2022) by Sommovigo et al.
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(2022a) (blue) assuming a Small Magellanic Cloud (SMC)
dust model19.

Dust mass estimates strongly depend on the assumed
cold dust temperature: Pozzi et al. (2021) investigated this
dependence for the ALPINE sample, finding that going from
Td = 25 K (fiducial value) to Td = 35 K results in a decrease
of the dust mass by 60% (these estimates are respectively
shown as orange squares and crosses in Figure 8). Using the
method described in Sommovigo et al. (2021), very recently
Sommovigo et al. (2022b) derived new dust mass estimates
of some of the ALPINE galaxies already analysed by Pozzi
et al. (2021). The new analysis leads to warmer dust tem-
peratures < Td > = 48 ± 8 K and, as a consequence, to
Md up to 7 times lower than those previously reported. The
same analysis technique has been applied to a subsample
of REBELS galaxies with [CII] and dust-continuum detec-
tions (Sommovigo et al. 2022a), finding a Td that varies in
the range between 39 − 58 K, with an average dust tem-
perature of < Td >= 47 ± 6 K. The red circles (ALESS
galaxies from Table 2 of Graziani et al. 2020) are estimates
with a Td around 45 K, while the dust mass upper lim-
its, since the dust temperature anti-correlates with the dust
mass, are estimated using Td ∼ 25 K. As in Graziani et al.
(2020), the gray points of simulated galaxies are in good
agreement with estimates or compatible with upper limits
of Md obtained for singly detected objects. Despite the large
uncertainties in the M? of galaxies observed in the EoR,
we are in agreement with REBELS galaxies with masses
Log(M?/M�) . 9.5, while objects with Log(M?/M�) > 9.5
have estimated dust masses systematically lower than our
predictions, indicating that either our high-mass objects are
too dusty or that the dust temperature for some of these
sources may have been over-estimated. Radiative transfer
simulations performed with SKIRT (Baes & Camps 2015)
on dustyGadget simulated galaxies, and a close comparison
with photometric properties of the REBELS sample will help
to shed some light on the above discrepancy (Schneider et
al., in prep.). Interestingly enough, we find that at lower
redshift the simulated sample is globally compatible with
ALPINE/ALESS estimates found in Pozzi et al. (2021) and
Graziani et al. (2020) for galaxies with Log(M?/M�) > 9.5,
with only a few exceptions that lie above or below the trend
followed by the simulated systems. Conversely, when com-
pared to dust masses derived by Sommovigo et al. (2022b)
for a subsample of ALPINE systems, our simulation predicts
higher dust masses.

A further comparison with Witstok et al. (2022), pro-
vides us with five more observed galaxies in the redshift
interval 6 < z 6 7. These galaxies have stellar masses in
the range Log (M?/M�) = 9.1− 9.9 and their FIR SED fits
favour the following dust temperatures: Td = 59+41

−20 K for
UVISTA-Z-001, Td = 47+40

−17 K for UVISTA-Z-019, and the
extremely low value of Td = 29+9

−5 K for COS-3018555981.
For the two additional sources, dust continuum was not con-
fidently detected in any ALMA band, and they assumed
a Td = 50 K. The resulting dust masses are shown as
magenta dots. With the exception of COS-3018555981 for

19 Similarly to what we showed in the previous sections, the stel-
lar masses considered here for REBELS galaxies are computed
using a non parametric SFH as in Topping et al. (2022).

which the low dust temperature favoured by the FIR fit
suggests a very high dust mass, all the other sources appear
to be consistent with the simulated galaxies, at least within
the errorbars. When interpreted at face value, the fact that
COS-3018555981 is well above the simulated galaxies may
imply a very efficient dust production mechanism in this
system (Witstok et al. 2022), beyond what is predicted by
dustyGadget for galaxies of comparable stellar mass and
redshift when accounting for stellar dust production and
ISM grain growth.

The dust-to-stellar mass ratio can give us some hints
on how much dust per unit stellar mass survives the various
destruction processes in galaxies. Also, it is a useful quan-
tity to study the evolution of different types of galaxies (see
for example Calura et al. 2017). Figure 9 shows the Md/M?

ratio as a function of stellar mass for the simulated galaxies
from 4 independent simulated volumes (U6, U7, U12 and
U13) at 6 < z 6 7. The inferred ratios from observational
data points of Witstok et al. (2022) presented in the bot-
tom left panel of Figure 8 are shown again, together with
the estimated Milky Way value (dashed black line and black
filled point, Graziani et al. 2017a; Ginolfi et al. 2018). We
also show the yields expected for stellar sources assuming a
maximum population age of 650 Myr (computed as the dif-
ference between the Hubble time at z = 6.85, the measured
redshift of COS-3018555981, and the Hubble time at z = 25,
assumed to be the onset redshift of star formation). Here we
assume the same dust yields implemented in the current
simulations (see Section 2) and a maximally efficient SN
dust production, assuming no reverse shock (RS) destruc-
tion. For each of these two cases, represented respectively
by pink and green horizontal shaded bands, the minimum
(maximum) value corresponds to assuming a fixed stellar
metallicity of Z? = 0 (Z? = 1 Z�). To appreciate the con-
tribution of SNe to early dust production, we also show the
same predictions but assuming a stellar population age of 15
(18.7) Myr, which corresponds to the age of the progenitor
star with the minimum mass that evolves as a core-collapse
SN (12 M� in our chemical evolution model) for a stellar
metallicity of Z? = 0 (Z? = 1 Z�). These two additional
cases are shown as horizontal hatched bands, with the same
colour coding of the previous two cases. For the same set
of yields (pink and green areas), the difference between the
dust-to-stellar mass ratio for a t? = 650 Myr population
and the latter cases is due to the contribution of the most
massive AGB stars (with masses between ∼ 2− 2.4 M� and
∼ 8 M�).

The comparison between the dust yields and the sim-
ulated systems shows that the dust content of each galaxy
is the result of a complex interplay between dust produc-
tion/destruction mechanisms and that grain growth in the
ISM contributes to the enrichment of high-mass galaxies
(Valiante et al. 2014; Mancini et al. 2015; Graziani et al.
2020). While the other sources reported by Witstok et al.
(2022) are consistent with this picture, COS-3018555981
stands out, requiring a substantially more efficient dust pro-
duction mechanism, an upward revision of the estimated
dust temperature, a higher dust emissivity, or a mix of the
above.
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Figure 9. The dust-to-stellar mass ratio in the redshift range
6 < z 6 7 for the simulated galaxies (gray dots) in the RefRun
(U6) and in simulations U7, U12 and U13. We also show the val-
ues reported by Witstok et al. (2022) as magenta points. The
horizontal solid bands represent the value expected for a pop-
ulation age t? = 650 Myr (see the text on how this value has
been computed), with upper and lower bounds corresponding to
assuming Z? = 1 Z� and Z? = 0. While the horizontal hatched
bands represent the yields assuming a stellar population age of
15 (18.7) Myr, corresponding to the age of a minimum star that
evolves as a core-collapse SN for a stellar metallicity of Z? = 1 Z�,
upper bound (Z? = 0, lower bound). Here we assume the same
dust yields adopted in the present dustyGadget simulations with
(pink) and without (green) the SN reverse shock (RS) destruc-
tion. For comparison, we also report the dust-to-stellar mass ratio
for the Milky Way (dashed black line and black cross).

4 CONCLUSIONS

The present work investigates the build-up of the stellar
mass of galaxies at z > 4 and the scaling relations of
their integrated physical properties. We selected observa-
tionally well established correlations in the Local Universe,
and thanks to a wealth of new data provided by recent high-
redshift ALMA Large Programs, such as REBELS (Bouwens
et al. 2022) and ALPINE (Faisst et al. 2020), we were able to
benchmark numerical predictions of the dustyGadget model
(Graziani et al. 2020) with updated observations, including
some of the early release observations of JWST.

With this aim in mind, we performed a new set of eight
statistically independent cosmological simulations on a scale
of 50h−1 cMpc in order to increase the statistical sample of
predicted galaxies, to account for a larger scatter in their
predicted properties and to have access to a wider sample of
dusty environments produced by stellar feedback, dynami-
cal encounters, and mergers as well as hydrodynamical ef-
fects. The resulting integrated dataset provides a statisti-
cally robust sample of dusty galaxies in the stellar mass
range 8.0 6 Log(M?/M�) < 11.0 suitable to investigate the

build-up of stellar mass and the redshift evolution of some
galaxy scaling relations at z > 4. In particular, we find that:

• the total stellar build-up, both in terms of total star for-
mation rate and total stellar mass density, rapidly increases
from the onset of star formation occurring around z ∼ 20,
down to z ∼ 4 with a remarkable agreement with available
observations, including JWST ERO and ERS at z > 8;
• at 4 < z 6 9 the stellar mass function predicted by

the simulation shows a broad agreement with observations
and with independent theoretical predictions. At z < 8,
dustyGadget predicts fewer massive objects compared to
observed samples, due to the limited statistics of massive
systems in the simulated volume at these redshifts.
• at 7 < z 6 9 we find that the simulated galaxy main

sequence is in very good agreement with available data, in-
cluding some of the first JWST ERO and ERS which extends
to lower stellar masses the observational constraints placed
by REBELS on brighter and more massive systems. The fit
to our simulated galaxies is consistent with a non-evolving
linear slope. Our results are consistent with recent studies
on the evolution of the galaxy main sequence at z < 4 − 6
(Popesso et al. 2022; Daddi et al. 2022), in that dustyGadget
simulations sample the low-mass end of the MS, below the
time-dependent turn-over mass that defines the transition
between efficient and relatively inefficient star formation;
• a similarly good agreement is found when comparing

the redshift evolution of the specific star formation rate pre-
dicted by the simulation with a recent analysis that includes
REBELS sources out to z ∼ 7;
• the relation between stellar and dark matter halo mass

predicted by the simulations shows a large scatter, partic-
ularly at the low-mass end, likely reflecting the large va-
riety of galaxy assembly histories. We find a broad agree-
ment with some observational determinations (Finkelstein
et al. 2015; Stefanon et al. 2021b), and with models that as-
sume a redshift independent relation (Tacchella et al. 2018),
indicating a constant star formation efficiency for a given
halo mass across the redshift range we have investigated.
However, at z 6 6 the simulated galaxies appear to have
stellar masses that grow more efficiently than predicted by
abundance matching methods (Behroozi et al. 2019; Sun &
Furlanetto 2016), particularly at the low-mass end. This res-
onates with the large number density of galaxies at the faint-
end of the stellar mass function, at Log(M?/M�) < 9. As-
sessing the statistical relevance of these galaxies with JWST
observations will be fundamental to characterise their prop-
erties and correctly model these environments in future sim-
ulations (Venditti et al., in prep.);
• dust and stellar mass are confirmed to be related

with the s-shape relation found in Graziani et al. (2020)
which changes its derivative for objects with stellar masses
Log(M?/M�) > 8.5. According to our simulations, dust
enrichment at z > 4 is driven by stellar dust production
and ISM grain growth, with the latter mechanism providing
a growing contribution at the high-mass end. Overall, we
find a good agreement with dust mass determinations for
ALPINE galaxies by Pozzi et al. (2021) at 4 6 z 6 6 and
with REBELS galaxies with stellar masses Log(M?/M�) 6
9.5 at 6 < z 6 8 (Sommovigo et al. 2022a), while more mas-
sive REBELS galaxies appear to have dust masses systemat-
ically lower than our predictions, indicating that either our
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simulated high-mass galaxies are too dusty or that the dust
temperature for some REBELS sources may have been over-
estimated. Similar conclusions apply when the comparison
is made with a subsample of ALPINE galaxies recently anal-
ysed by Sommovigo et al. (2022b). Interestingly, the recent
detection of dust continuum from 3 galaxies at 6 < z 6 7 by
Witstok et al. (2022) provides additional indications on their
dust-to-stellar mass relation, with two galaxies being consis-
tent with dustyGadget predictions and one galaxy showing
a very large dust-to-stellar mass ratio, implying a very ef-
ficient dust production mechanism in this system, beyond
what is predicted by dustyGadget for galaxies with compa-
rable stellar mass.

In summary, the stellar mass assembly and related scal-
ing relations investigated in this manuscript indicate that on
the cosmological scale dustyGadget prescriptions are in rea-
sonable global agreement with current high-redshift data, in-
cluding JWST ERO and ERS. The new set of simulations re-
veals, on the other hand, an interesting population of evolv-
ing galaxies with stellar masses in 8.0 6 Log(M?/M�) 6 9.0.
The number density of these galaxies exceeds some of the
current observational estimates and model predictions for
the stellar mass function at z 6 6, and are at the origin of
the large scatter found in the halo mass-stellar mass rela-
tion. This indicates that galaxies hosted in DM halos with
similar mass may experience different SFHs and chemical en-
richment timescales, as also reflected in the dust-to-stellar
mass relation, where galaxies with Log(M?/M�) ∼ 8.5 at
z 6 6−7 are characterized by a broad range of dust masses,
with differences of up to 1.5 dex. We plan to explore some
of these aspects in a forthcoming publication.

The impressive capabilities of the JWST already re-
vealed by the early release observations will certainly shed
some light on the relevance and physical properties of these
low-mass objects, providing invaluable constraints to future
theoretical models investigating the details of their ISM and
their impact on cosmic reionization.
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APPENDIX A: SMF COMPARISON WITH
OTHER SIMULATIONS

In this Section we compare dustyGadget results with inde-
pendent model predictions20. The results are illustrated in
Figure A1, where we have applied the proper conversion fac-
tors (Madau & Dickinson 2014) to stellar masses that were
originally computed with an IMF different from the Salpeter
(1955) one.

Semi-analytic forecasts from Yung et al. (2019)21 are
shown as purple dashed lines, while similar estimates based
on the GALFORM code combined with a large DM simulation
provided by Cowley et al. (2018) are shown as blue dash-
dotted lines. Dotted red lines and loosely dashed green lines
are respectively the predictions from the UNIVERSEMACHINE22

(Behroozi et al. 2019) and from the CAT semi-analytic model

20 Some of the relevant data has been taken from the public
repository at https://github.com/stephenmwilkins/flags_data
21 https://www.simonsfoundation.org/
semi-analytic-forecasts-for-jwst/
22 The UNIVERSEMACHINE (https://www.peterbehroozi.com) ap-
plies simple empirical models of galaxy formation to dark matter
halo merger trees. It keeps track of two stellar masses: the "true"
M? given by the integral of past star formation minus stellar mass
loss, and the "observed" M? which includes systematic offsets and
scatter as a function of redshift. Here we consider the "observed"
stellar mass.

by Trinca et al. (2022). Dashed olive lines are from the phe-
nomenological model JAGUAR (Williams et al. 2018). This
model is based on observed stellar mass and UV lumi-
nosity functions that have been measured in the redshift
range 0 < z < 10. The red dashed lines are from the
N-body/hydrodynamical Illustris-1 simulation by Genel
et al. (2014), brown solid and dash-dotted lightblue lines are
from cosmological zoom-in simulations, respectively from
FIRE-2 (version 2.0 of the FIRE project; Hopkins et al. 2018)
by Ma et al. (2018) and FLARES (Lovell et al. 2021; Wilkins
et al. 2022). Predictions from the EAGLE hydrodynamical
simulations (Furlong et al. 2015) are in black dotted lines,
while those from the DRAGONS semi-analytic galaxy forma-
tion model (Mutch et al. 2016) are in orange solid lines.

The comparison among the SMFs predicted by differ-
ent models shows a large scatter, that is mostly due to dif-
ferent star formation conditions/feedback implementations
in each model. The scatter is particularly evident at high-
redshifts (top three panels) while it decreases at z < 6 − 7
(bottom three panels). At 7 < z 6 10 dustyGadget sim-
ulations are in better agreement with the predictions by
Yung et al. (2019) and Genel et al. (2014), while they fore-
see a higher (lower) number of objects compared to Cow-
ley et al. (2018) (UNIVERSEMACHINE, Behroozi et al. 2019,
and CAT, Trinca et al. 2022). At z 6 7, our predictions
at the low-mass end are in excellent agreement with the
results of Mutch et al. (2016), and converge to the num-
ber densities predicted by CAT at z 6 5, but exceed the
other model predictions. At all redshifts, the high-mass end
(Log(M?/M�) > 10) of the relation shows a large scatter
between the models, and our simulations can not constrain
the SMF for Log(M?/M�) > 10, due to the limited number
of galaxies predicted within the simulated volumes in this
mass range.

Figure 2 shows that current observations start to con-
strain the SMF at z < 7, and future JWST data will provide
invaluable indications on the physics of star formation and
feedback to be implemented in galaxy evolution models.

APPENDIX B: MS COMPARISON WITH
OTHER SIMULATIONS

To strengthen the reliability of our results, dustyGadget re-
sults are also compared with predictions from independent
semi-analytical and numerical simulations. Wherever neces-
sary, we use the conversion factors by Madau & Dickinson
(2014) to convert results based on different IMF assumptions
to the Salpeter IMF (Salpeter 1955) adopted in our simula-
tions. In particular, we compared our predictions with the
zoom-in simulations by the FLARES (Lovell et al. 2021) and
FirstLight (Ceverino et al. 2017, 2018) projects. We also
compare our results with the semi-analytic predictions by
Yung et al. (2019), based on a slightly modified version of
the Santa Cruz model to sample halos over a wide mass
range. Yung et al. (2019) adopt a merger tree algorithm
based on the Extended Press-Schechter formalism and, at
each redshift, they set up a grid of root halos spanning a
certain range in virial velocity and assign them their ex-
pected volume-averaged abundances. Finally, for each root
halo in the grid, they generated one-hundred Monte Carlo
realizations of the merger histories. Comparing the predic-
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Figure A1. Mass Function obtained from our simulated galaxies in the range z = 10 − 4: magenta solid lines show mean values of
our sample, pink shaded areas the min-max spread of the simulations and gray shaded areas the Poissonian error associated with our
sample. The results of the semi-analytic model by Yung et al. (2019) are shown as purple dashed lines and those of the CAT (Trinca et al.
2022) semi-analytic model are in green loosely dashed, the results of the UNIVERSEMACHINE model by Behroozi et al. (2019) are in dark-red
dotted lines and the predictions by Cowley et al. (2018) in dash-dotted blue lines. Olive dashed lines are the predictions from the JAGUAR
model by Williams et al. (2018), red dashed lines are from the work by Genel et al. (2014) (Illustris) and the dashed-dotted lightblue
lines are the predictions from the FLARES model (Lovell et al. 2021; Wilkins et al. 2022). Finally, solid brown lines are predictions from
the FIRE-2 simulation Ma et al. 2018, black dotted lines are from the EAGLE simulation by Furlong et al. (2015) and orange solid lines
are from the DRAGONS simulation by Mutch et al. (2016).

tions of different simulations is certainly not a straightfor-
ward task because of the different strategies each simula-
tion adopts. Vertical dashed lines in Figure B1 show the
M?,max found in our RefRun (U6), meaning that the fit
above this mass has to be interpret as an extrapolation.
Despite their different physical assumptions and simulation
techniques, a good agreement is found among model predic-
tions at Log(M?/M�) 6 Log(M?,max/M�), as already dis-
cussed by Graziani et al. (2020). At larger masses, FLARES
simulations find a piecewise fit to the star forming sequence
(Lovell et al. 2021), and Yung et al. (2019) find a change in
slope at the high-mass end, to account for the bending seen
in the sequence (Popesso et al. 2022; Sandles et al. 2022).
Our simulations do not sample these high-masses, and our

extrapolated fit does not predict a change of slope (see also
the discussion in Section 3.4.2).
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Figure B1. Comparison between the MS predictions from our work and other simulations. Magenta lines are our MS linear fit, green
dots show galaxies from the FirstLight project (Ceverino et al. 2017, 2018), dash-dotted orange lines show the predictions from the
FLARES simulation (Lovell et al. 2021) and dashed black lines are from the semi-analytic model of Yung et al. (2019).
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