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ABSTRACT

Aims. JWST has measured an unprecedented abundance of galaxies above redshift z > 4—5, whose formation and evolution are still
difficult to reconcile within traditional galaxy evolution models in a Lambda Cold Dark Matter (ACDM) framework. Here we present
a study on the star formation histories of these high-redshift galaxies between z ~ 5—12 via a cutting-edge data-driven semi-empirical
model that uses the observed ultra-violet (UV) luminosity functions (LFs) as input to retrieve star formation rates (SFRs), naturally
bypassing any uncertain modelling of cooling, feedback and/or stochastic processes.

Methods. Galaxy stellar masses are progressively built in time by integrating their SFRs assigned along their progenitor haloes via
the SFR-halo accretion rate relation, derived from abundance matching between the input observed UV LFs with the dark matter
halo accretion rate distributions at each redshift. Our original method reverse-engineers empirical estimates of the high-z galactic
SFRs directly from observations via abundance matching rather than fitting observed LFs with parametric star formation efficiencies
(SFEs). This makes the SFEs a full prediction of the model rather than a tuned input, serving as a solid baseline to test burstiness, dust
attenuation, or initial mass function variations.

Results. Our approach reproduces the total stellar mass function, the large-scale clustering, and the star-forming main sequence.
We find that massive galaxies grew their stellar mass with a bursty star formation at z ~ 9—10, broadly in agreement with the star
formation histories inferred from spectral energy distribution fitting, with the SFE reaching high peaks of 0.8—0.9 at z > 9 and
lowering to standard values of 0.2—0.3 below z < 9. We find that the presence of dust could enhance the predicted SFRs at z < 8§,
better reproducing the observed SFRs of massive dusty galaxies, and increase the SFEs to values close to or even above unity at z > 8.
Finally, switching to top-heavy initial mass functions reduces the SFEs by a factor of 2—3, highlighting the need for a variable initial
mass function as an inevitable ingredient in the evolution of galaxies at high redshifts to avoid unphysical SFEs, especially in the

presence of dust.
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1. Introduction

The formation and evolution of galaxies are still debated ques-
tions today. In a Lambda Cold Dark Matter (ACDM) Universe
galaxies grow in stellar mass via both in situ and ex situ pro-
cesses. The in situ growth is regulated by the star formation
rate, i.e. the conversion of cold gas into stars, fuelled by the
gas accretion of the host dark matter haloes. The ex situ growth
is instead controlled by the rate of mergers with other galax-
ies, which in a ACDM Universe is the inevitable consequence of
the mergers between the host dark matter haloes. Many studies
have shown that at redshifts z < 3 less massive galaxies (with
stellar mass M, < 10'' M at z ~ 0) formed their stellar mass

* Corresponding author: haofu@fudan.edu.cn

mainly via star formation, whereas more massive galaxies had
more contribution from mergers (e.g. van Dokkum et al. 2010;
Shankar et al. 2015; Buchan & Shankar 2016; Pillepich et al.
2018a; Grylls et al. 2019, 2020; Fu et al. 2022, 2024; Eisert et al.
2023).

At progressively higher redshifts the new observations from
the James Webb Space Telescope (JWST) have revolutionised
our view of galaxy formation and evolution. Firstly, JWST has
revealed a large number of star-forming, ultraviolet (UV)-bright
galaxies up to z ~ 17 and possibly beyond, with abundances
exceeding pre-JWST observations by up to an order of magni-
tude or more (e.g. Bouwens et al. 2023; Finkelstein et al. 2023,
2024; Adams et al. 2024; McLeod et al. 2024; Robertson et al.
2024; Pérez-Gonzdilez et al. 2025). Secondly, a large popula-
tion of active galactic nuclei (AGN) powered by very massive
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black holes have also been inferred from JWST observa-
tions (e.g. Matthee et al. 2024; Akins et al. 2025; Scholtz et al.
2025; Juodzbalis et al. 2026). Last but not least, JWST has
also unveiled a population of extremely massive galaxies at
z z 3 that were completely missed in previous observa-
tions and are challenging to reconcile within current tradi-
tional models (e.g. Donnan et al. 2024; Matsumoto et al. 2024;
McGaugh et al. 2024; Weibel et al. 2024; Shuntov et al. 2025a).
For example, Glazebrook et al. (2024) identified a massive qui-
escent galaxy, ZF-UDS-7329, at redshift z = 3.25 with inferred
stellar mass M, ~ 10''3 My, speculating that it formed most
of its stellar mass at z ~ 11 in a burst of star formation.
They discuss that this scenario is in tension with current mod-
els of galaxy formation within the ACDM framework, point-
ing possibly towards a different stellar initial mass function
(IMF), or changes in the underlying stellar population and feed-
back modelling. Indeed, evidence for a radially varying IMF
in local massive galaxies is mounting (e.g. Cappellari et al.
2006; Conroy & van Dokkum 2012; La Barberaetal. 2016;
Bernardi et al. 2019; Marsden et al. 2022; Lu et al. 2024).

More generally, the large number of UV-bright galaxies
inferred from JWST observations has been explained in a
number of different ways from the theoretical point of view.
Some popular explanations rely on stochastic star formation to
allow for epochs of larger-than-average galaxy growth rate (e.g.
Shen et al. 2023; Sun et al. 2023; Gelli et al. 2024), or reducing
the content of dust (e.g. Ferrara 2024), lowering stellar metal-
licity or assuming a top-heavy IMF to boost the UV emis-
sion for any given episode of star formation (e.g. Inayoshi et al.
2022; Trinca et al. 2024; Yung et al. 2024a), assuming density-
modulated star formation efficiencies (e.g. Somerville et al.
2025), and/or a feedback-free scenario (e.g. Dekel et al. 2023).
To explain the formation of massive galaxies at z > 5 in
particular, some groups invoked the extreme value statistics
(Lovell et al. 2023; Carnall et al. 2024; Jespersen et al. 2025;
Enriquez-Vargas et al. 2026) to show that the existence of mas-
sive galaxies (with stellar mass M, > 10" M) observed
between 3 < z < 5 may be accommodated within ACDM
but only assuming very high star formation efficiency (SFE;
€« = 0.8—1). Alternatively, a bottom-heavy IMF could also
increase the stellar mass by boosting the fraction of lower mass
stars (e.g. Lapi et al. 2024; Yung et al. 2024a; Mauerhofer et al.
2025; Fontanot et al. 2026). Alternative possibilities for boosting
the formation of galaxies at early epochs may be found either in
improving the modelling of the halo accretion histories within
ACDM (e.g. ellipsoidal collapse) or in varying the underlying
cosmological model, such as allowing for dynamical dark energy
models (e.g. Boylan-Kolchin 2023; Menci et al. 2024; Sokoliuk
2025; Fakhry et al. 2026; Menci et al. 2026) or modified gravity
models (e.g. McGaugh et al. 2024).

In the context of a ACDM Universe, some groups have
attempted to model the galaxy star formation histories and
implied UV luminosities via semi-empirical techniques. This
approach bypasses the ab initio modelling of the baryonic
physics behind star formation in galaxies, which is instead
guided by observational data. For example, Kar et al. (2026) and
Yung et al. (2025), along the lines of Moster et al. (2018) and
Behroozi et al. (2019), assumed a parametric SFE of the type
€« (M, z) characterised by a number of free parameters defining
its variation as a function of host halo mass and redshift. They
concluded that the number density and spatial distribution of UV
galaxies can be reproduced within ACDM with relatively stan-
dard SFEs of ~20—-30%, but steadily increasing at higher red-
shifts and without the need for very large scatters of up to ~1 dex
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or more in the star formation rate-halo mass relation, as previ-
ously inferred by other more comprehensive theoretical models
(e,g, Dekel et al. 2023; Mason et al. 2023; Nikopoulos & Dayal
2024).

In this work we made use, extending it to higher redshifts,
of the semi-empirical approach recently devised by our group
in two semi-empirical models, DECODE (Fu et al. 2025a,b) and
TOPSEM (Boco et al. 2023), which have been successful in
reproducing the stellar mass functions, star formation histories,
and bulge-to-total distributions of galaxies at z < 4-5. Our
method relies on extracting the star formation rate-halo accretion
rate (SFR-HAR) relation from abundance matching between the
SFR and HAR functions, where the former is directly inferred
from observations and the latter is theoretically predicted by N-
body simulations. There are several key advantages of using this
data-driven technique. First, it does not require heavy parametri-
sations of the SFE, which is instead a natural prediction of the
abundance matching procedure. Second, it allows us to extract
the star formation histories by tracking the SFRs along the host
halo progenitor histories. Third, the SFRs in input are directly
inferred from observational data and as such they can be con-
sidered an effective balance between any feedback and any ex
situ or in situ process (e.g. merger, disc instability, clumpy
accretion) that may reduce or enhance the star formation in the
galaxy. Finally, the SFRs in input do not require any modelling in
terms of stochasticity or feedback, and can in turn be effectively
adopted to test the degree of SFE, dust attenuation, or variations
in IMF, as we carry out below.

The aim of this paper is twofold. On the one hand, we com-
puted the star formation histories of galaxies along their progen-
itors to compare with direct observations. On the other hand, we
integrated them to infer the implied stellar masses, in particular
of massive galaxies, global stellar mass functions, and clustering
to pin down the SFEs and impact of including dust attenuation
or a variable IMF.

This paper is structured as follows. In Section 2, we describe
the methodology followed in our model. In Section 3, we test
the SFR-HAR assumption at high redshifts by applying it to
the TNG simulation. In Section 4, we show our results on the
galaxy abundances, stellar mass-halo mass connection and star
formation histories. We also discuss the effect of choosing a dif-
ferent IMF and applying a dust correction to the SFRs. Finally,
in Section 5 and 6, we discuss our results and draw our con-
clusions. In this work, we adopt the ACDM cosmology with
best-fit parameters from Planck Collaboration VI (2020) (i.e.
(Qm, Qa, Qu, hyns,083) = (0.31,0.69,0.049,0.68,0.97,0.81))
and a Chabrier (2003) stellar IMF.

2. Methods

In this Section, we describe the implementation of our model
DECODE' (Discrete statistical sEmi-empiriCal mODEI) and our
approach to grow and merge galaxies following the dark matter
halo assembly histories. We built up galaxies following their pro-
genitors via input scaling relations between the galaxy SFR and
HAR. In the first two papers of the series (Fu et al. 2025a,b) we
accurately tested the SFR-HAR abundance matching at redshift
7z < 5-6. In this paper, we focus on the galaxy star formation
rates at high redshifts and how they compare to the JWST spec-
tral energy distribution (SED)-inferred star formation histories
at redshift z > 5.

' https://github.com/haofuastro/DECODE2
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2.1. Dark matter halo merger tree

We based our analysis on a catalogue of n = 5 x 10° central dark
matter haloes with mass above M}, > 10'93 M at each redshift
of interest. The choice of the volume and cut in halo mass repre-
sents a good balance among computational efficiency, statistics
and mass resolution for the stellar mass range of interest. The
cut in halo mass in particular ensures a completeness in stellar
mass down to M, 2 3 X 10° M. These haloes were randomly
extracted from the Tinker et al. (2008) halo mass function at any
redshift above the halo mass cut-off. We ignored the surviving
satellite subhaloes whose abundance at these high redshifts is
less relevant. The mass accretion history of each dark matter halo
and their merger trees were computed via the SatGen analyt-
ical code from Jiang et al. (2021), based on the Parkinson et al.
(2008) algorithm fitted to the outputs of the MultiDark Planck N-
body simulation. Each of these parent dark matter haloes comes
with a mass accretion history along with the infall redshift of the
satellite subhaloes and their accretion history before infall. We
also checked that these halo accretion tracks are on average well
consistent with those from high-redshift dark matter-only simu-
lations, such as GUREFT (Yung et al. 2024b). On top of this dark
matter framework, we self-consistently grew central galaxies by
assigning to them a SFR following the growth of the host haloes.

2.2. Abundance matching

The core of our model is based on the abundance matching
between the galaxy SFR and host dark matter HAR. To compute
the SFR-HAR relation, we performed the abundance matching
between the observed SFR function and the theoretical HAR
function (we used Equation 37 in Aversa et al. 2015, see also
Fuetal. 2022, Boco et al. 2023, Fuetal. 2024 and Fuetal.
2025a,b). In the abundance matching we assumed a scatter of
0.4 dex in SFR at fixed HAR, as suggested by our analysis from
the TNG simulation. We checked that by varying the value of
the scatter within a reasonable range (0.3—0.5 dex) our results
do not alter appreciably, as also discussed in Fu et al. (2025a)
and Fu et al. (2025b), with stellar mass assemblies altering by
less than < 0.05 dex.

In our abundance matching, we input the theoretical HAR
function (from the results of the SatGen algorithm) and the
observed SFR function (gathered from multiple datasets). For
the former, we sampled the distributions from our mock halo
catalogue at each redshift, while for the latter, we combined
the most recently observed UV galaxy luminosity function
(LF) at high redshifts (see Appendix A for details). We con-
verted UV luminosities to SFRs via the calibration factor from
Kennicutt (1998) which yields the following formula (e.g.
Madau & Dickinson 2014)

SFRyv = kyv - Lyv, (1)

with kyy = 2.5 x 1079 Myyr ' LZ'. We note that the
Madau & Dickinson (2014) conversion factor is based on a fixed
star formation history and solar metallicity, which might system-
atically overestimate the SFRs up to 1 dex (e.g. Wilkins et al.
2020). However, works on the mass-metallicity relation suggest
a metallicity in the range of Z € [0.1 Zs, Zy] for galaxies with
stellar mass M, > 10° M., from both JWST emission-line anal-
yses (e.g. Curti et al. 2023; Nakajima et al. 2023; Trump et al.
2023; Merlin et al. 2025) and cosmological simulations (e.g.
Wilkins et al. 2023). We checked that in the most extreme case
of lowest metallicity (i.e. Z = 0.1 Z), the UV-SFR calibration is
expected to vary by up to ~20%, as suggested by stellar pop-

ulation synthesis models (e.g. Bicker & Fritze-v. Alvensleben
2005; Wilkins et al. 2019). Accordingly, the resulting shift in
SFR would be less than <0.1 dex, corresponding to a ~0.1 dex
shift in stellar mass. For the most massive galaxies, with M, >
10" M, both observations and models suggest a near-solar
metallicity (e.g. Merlin et al. 2025), implying a negligible alter-
ation in their stellar mass growth.

Hereafter, we adopt the UV SFR as representative of the total
SFR, along with a Chabrier (2003) IMF, as a reference model.
We also explore the consequences of considering the dust cor-
rection in observed luminosities and adopting different IMFs in
Sections 4.7 and 4.8.

2.3. Growing galaxies within DECODE

We grow our galaxies by assigning to each galaxy a SFR at each
redshift via the SFR-HAR relation, following the mass accretion
history of the host dark matter haloes. Starting our simulation at
redshift z ~ 12, we then integrate the SFRs across cosmic time

M. (1) = f M ()1 — R)Y, ©

where R is the stellar mass loss fraction that returns into the
interstellar medium. We note that the recycling factor R is depen-
dent on the IMF which produces variations between ~0.3-0.6
(see, e.g. Segers et al. 2016; Yu & Wang 2016; Hopkins 2018).
In what follows, we adopt R = 0.45, which is a typical value
for a Chabrier IMF (e.g. Reimers 1975; Renzini & Fusi Pecci
1988; Girardi et al. 2000; Pietrinferni et al. 2004; Romano et al.
2010; Nomoto et al. 2013; Vincenzo et al. 2016). We also clarify
that we do not push our simulation beyond z > 12 because the
UV LF is not observationally well constrained at those redshifts,
even though there are works that have provided preliminary esti-
mates up to z ~ 25 (e.g. Donnan et al. 2024; Harikane et al.
2025; Pérez-Gonziélez et al. 2025; Weibel et al. 2026).

2.4. Galaxy mergers

We add the contribution from mergers to the total galaxy stellar
mass by following the merger histories of the host dark matter
subhaloes. In particular, we assign satellite galaxies with a stel-
lar mass at infall via the typical stellar mass corresponding to
the halo mass of the host subhalo on the stellar mass-halo mass
(M,.—My) relation of the central counterpart, assuming that satel-
lite galaxies align with the scaling relations of central galaxies at
the time of infall. We assume that galaxies merge with a time
delay with respect to the host subhaloes following the merger
timescales described in Section 3.4 of Fu et al. (2022) corrected
by a factor of ~1.5 at redshift z > 5. These timescales are fitted to
reproduce the number densities of surviving satellite subhaloes
of the Millennium simulation up to redshift z ~ 11-12.

For the purposes of this paper, we do not discuss in detail
the contribution from mergers, even though we include them
in the overall stellar mass assemblies of our galaxies for com-
pleteness. We have checked that mergers contribute to less than
~5-10% of the total stellar mass growth in all our mock galaxies
at z 2 5-56, resulting in a minimal impact on the stellar mass
function. We note that this estimate is nicely consistent with the
recent observational work by Calabro et al. (2026), who claimed
that mergers can contribute up to 5-10% at 5 < z < 14 in a
spectroscopic sample of 1233 JWST galaxies. We will dedicate
a separate work on the prediction of merger rates of galaxies at
high redshifts (Fu et al. in prep.).
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Fig. 1. Distribution of the TNG subhaloes on the star formation rate-halo accretion rate plane (blue dots), and median star formation rate-halo
accretion rate relations from the TNG (blue lines) and computed using the TNG’s inputs via the abundance matching described in Section 2.2
(orange dashed lines) at redshifts z = 6—11. The subplots in each panel show the distribution normalised to unity of the star formation rate in a
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3. Verifying the assumption of a monotonic average
relation between SFR and HAR at high redshift

Before applying our model to predict the star formation histo-
ries of high-redshift massive galaxies, following F25 we tested
whether the assumption of a monotonic relation between the
SFR and the HAR is still expected in cosmological galaxy evolu-
tion models even at z 2 6. For this purpose, we made use of The
Next Generation (TNG henceforth) simulation to test whether
a state-of-the-art cosmological hydrodynamic simulation is pre-
dicting a monotonic relation between SFR and HAR at z > 6
as it does at lower redshifts. We stress that this analysis is not
aimed at calibrating our model on the TNG simulation which
employs its own recipes for the baryonic physics and is cali-
brated on low-redshift data itself, but only to test the reliability of
the SFR-HAR correlation hypothesis in a self-consistent model
like the TNG. We note that a whole body of theoretical work sup-
ports a close connection between galactic SFR and host HAR
(e.g. Dekel et al. 2009; Bournaud et al. 2015; Dou et al. 2025;
Waterval et al. 2025).

3.1. The TNG simulation

We make use of the cosmological TNG100 simulation, a com-
ponent of the IlustrisTNG project® (e.g. Nelson et al. 2019;

2 https://www.tng-project.org/

A44, page 4 of 16

, and the distributions in other bins follow a similar behaviour.

Pillepich et al. 2018b,a; Marinacci et al. 2018; Springel et al.
2018). The TNG simulations are performed via the moving-
mesh AREPO code (Springel 2010), employing subgrid physics
of galaxy formation such as gas cooling, star formation, stel-
lar evolution, and AGN feedback (e.g. Pillepich et al. 2018b;
Weinberger et al. 2017). The TNG simulations include different
volume box sizes and mass relations designed to address spe-
cific physical processes. Below, we use the TNG100 simulation
run on a 100 Mpc box on a side, which represents a good balance
between volume size and mass resolution for the purposes of our
test.

3.2. The SFR-HAR mapping

Figure 1 shows the SFR-HAR relation above redshift z > 6,
as extracted from the TNG simulation. We find that galaxy
SFRs and host HARs are indeedconnected via a monotoni-
cally increasing relation with a symmetric dispersion around the
mean, which can be well approximated by a Gaussian scatter in
our abundance matching procedure (as visualised in the inset of
each panel in Figure 1). We also show that, by taking the TNG’s
SFR function, HAR function, and scatter as input, our abun-
dance matching (orange dashed lines) is able to reproduce the
mean SFR-HAR relation of the simulation out to redshift z ~ 11
(blue solid lines), as shown by Figure 1. Having confirmed the
plausibility of a mean SFR-HAR monotonic relation in a ACDM
Universe, along with the validation of our abundance matching
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Fig. 2. Star formation rate function at from redshifts z = 6 to 11. The data points with error bars show the data from HST (blue squares, pink pluses,
and grey pentagons; Bouwens et al. 2015, 2021, 2022), UltraVISTA/COSMOS and UKIDSS (orange rhombuses; Bowler et al. 2015), WUDS
(green dots; Pell6 et al. 2018), PEARLS+JWST (yellow stars; Adams et al. 2024), JWST-PRIMER (red triangles; Donnan et al. 2024), JWST
ERO+ERS (cyan rthombuses and purple triangles; Harikane et al. 2023; McLeod et al. 2024) and PANORAMIC (brown crosses; Weibel et al.
2026). The black solid lines and shaded areas show our fit to Equation (A.1) and 10 uncertainty.

procedure to retrieve such a dependence, we are now best posi-
tioned to apply this method to the real Universe, with directly
observed SFR functions and not derived from a simulation.

4. Results

In this Section, we present our results on the galaxy stellar mass
growths at redshift z > 5 by adopting as input the SFR-HAR
relation from the UV LF abundance matching. In particular, we
show the SFR function used as input in our abundance matching
and the output SFR-HAR relation (Section 4.1). Then we show
the predicted stellar mass function (SMF) in Section 4.2, and
the corresponding M, — My, relation and the SFE in Section 4.3.
We also show a case study on the star formation histories of the
newly detected high-redshift galaxies from JWST (Section 4.5).
Finally, we discuss the role of dust obscuration and different
IMFs on the galaxy SFRs (Sections 4.7 and 4.8).

4.1. Star formation rate-halo accretion rate relation

We first show the SFR function used in our abundance match-
ing, computed starting from the UV LF, as described in
Section 2.2. Within this work we make use of UV data alone
since the observational constraints on the infrared (IR) LF
are available only up to z < 6 (e.g. Gruppioni etal. 2020;
Wang et al. 2021; Traina et al. 2024, 2026). Figure 2 shows

the SFR number densities at redshifts z = 6-11. In par-
ticular, we combine the latest observational determinations in
the UV band from HST (Bouwens et al. 2015, 2021, 2022),
UltraVISTA/COSMOS and UKIDSS (Bowleretal. 2015),
WUDS (Pells etal. 2018), PEARLS+JWST (Adams et al.
2024), IWST-PRIMER (Donnan et al. 2024), JWST ERO+ERS
(Harikane et al. 2023; McLeod et al. 2024) and PANORAMIC
(Weibel et al. 2026). We fit the above datasets to the
Saunders et al. (1990) analytic form (Equation (A.1)) at each
redshift via Markov chain Monte Carlo (MCMC) scans. The
best-fitting form to the Saunders et al. (1990) formula is rep-
resented by the black lines and shaded areas in Figure 2, and
the best-fitting parameters with their evolution in redshift are
reported in Appendix A. We find that the observational SFR
functions are well described by a power law, characterised by
a steep drop towards the bright end (M,spr = 3 Mo/yr).
In particular, galaxies with stellar mass M, ~ 10'' My and
SFR in the range 1 — 3 My/yr have a number density of
~10-10"*Mpc~3dex! and extremely mild evolution in red-
shift from z = 6 to 11.

We now turn our attention to the galaxy-halo connection.
The upper panel of Figure 3 shows the SFR-HAR relation at
different redshifts, which we stress is a direct result of the abun-
dance matching between our empirical SFR functions and the
HAR distributions extracted from merger trees as described in
Section 2.1. The resulting SFR-HAR relation at z > 6 can
be well described by a single power law with slope ~1 and is
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Fig. 3. Upper panel: Star formation rate-halo accretion rate relation
from redshift z = 6 to 11, from the abundance matching. The cyan
coloured area shows the redshift evolution region of the relation from
z = 0to 6, as presented in Fu et al. (2025a) and Fu et al. (2025b). Cen-
tral panel: Halo accretion rate function in the same redshift bins. Lower
panel: Star formation rate from the TNG simulation compared to that
predicted by our abundance matching at the same halo accretion rates.

characterised by a mild time evolution, with increasing normal-
isation up to 0.5 dex from z = 6 to z = 10-11. This varia-
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Fig. 4. Evolution of the cosmic stellar mass density. The blue solid line
shows the cosmic star formation history computed by integrating the
cosmic star formation rate density retrieved from our star formation
rate functions shown in Figure 2. The data points show the observation-
ally inferred stellar mass densities from COSMOS2020 (red rhombuses
with error bars; Weaver et al. 2023), JWST HUDF and UDS fields (yel-
low stars with error bars; Navarro-Carrera et al. 2024), JWST NIRCam
(blue squares with error bars; Weibel et al. 2024) and JWST COSMOS-
Web (purple triangles with error bars; Shuntov et al. 2025a).

tion in redshift is a direct by-product of the quick HAR func-
tion’s evolution in normalisation, as shown in the central panel
of Figure 3, whilst the evolution of the SFR function is weaker
across those redshifts. As shown in the lower panel of Figure 3,
we note that the TNG’s SFRs are systematically lower than ours
at the same corresponding HARs. This is due to the fact that the
TNG physics is calibrated to match the observations at low red-
shift (z < 2) which may not necessarily fit the observed LF at
high redshifts, whereas our SFRs come directly from observa-
tional constraints. Indeed, at low redshift this difference between
simulated and observed SFRs is no longer present. We checked
that the origin of this mismatch does not arise from different
timescale averages (e.g. Donnari et al. 2019b,a).

4.2. Galaxy stellar mass function

In this Section, we compare our SMFs, derived from the time
integration of the star formation histories, with those inde-
pendently measured from COSMOS2020 and JWST at high
redshifts. Reproducing the observed SMFs is a crucial self-
consistency test to confirm whether our star formation his-
tories are truly representative of the underlying evolution of
galaxies. We note that mergers (Section 2.4) and quenching
play a minor role in shaping the SMF at z > 6. Indeed,
although our SFR functions are by construction only represen-
tative of the star-forming population, the comparison with the
total galaxy stellar mass functions is still valid as recent esti-
mates of the quenched fractions at z > 5 is limited to just
< 6% for galaxies with for M, 2 10'° M, (e.g. Baker et al.
2025; Merlin et al. 2025; Russell et al. 2025; Yang et al. 2026).
At redshifts below z < 2-3 the integral of the observed SFRs
produces higher stellar masses with respect to the observed val-
ues by a factor of up to 0.5-0.6dex, as also found by several
works (e.g. Bernardi et al. 2010; Rodriguez-Puebla et al. 2017;
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Fig. 6. Stellar mass-halo mass relation at redshifts z = 6, 7 and 8. The upper and lower panels show the stellar mass and the stellar-to-halo mass ratio
as a function of halo mass, respectively. The right labels in the lower panels represent the star formation efficiency, defined as €, = M, /(M4 f,). Our
results (blue solid lines) are compared to the observational measurements from Stefanon et al. (2021, green dots with error bars), Shuntov et al.
(2025a, purple solid lines with shaded areas), and to the empirical models of Moster et al. (2018, black dotted lines) and Behroozi et al. (2019,
red dashed lines). The dark blue dash-dotted lines show the results from the abundance matching using the observed stellar mass function from
Weibel et al. (2024). We note that the stellar mass-halo mass relation might be slightly biased towards higher values below M, < 10° M, especially

at z ~ 6, due to the incompleteness of the stellar mass function below that threshold.

Donnari et al. 2019b; Leja et al. 2022; Fu et al. 2024; Bosi et al.
2025), but we do not show and discuss this any further as it lies
beyond the purposes of this work. We also note that satellites
contribute <1% to the overall galaxies of M, > 10° M, and
z > 5 (Fu et al. in prep.), further validating our assumption of
focusing on central galaxies only in this work.

We start by showing in Figure 4 our integrated stellar
mass density (blue solid line) compared against a variety of
measurements at z > 4. We find a very good agreement between
our predictions and the integrated measurements, thus providing
a first validation of our approach. Having compared with inte-
grated quantities, the next step is to generate the full SMF from
our model by integrating the SFR of each galaxy along its main
progenitor branch. Figure 5 shows the galaxy SMF at redshifts

z=16,7,and 8, as computed from DECODE (blue solid lines). We
compare our results to the observations from multiple datasets,
such as HST/CANDELS (Stefanon et al. 2021), JWST NIR-
Cam (Weibel et al. 2024), JIWST/COSMOS-Web (Shuntov et al.
2025a), and JWST/MIRI (Wang et al. 2025).

Our model can reproduce the bulk of the SMF at all redshifts.
This agreement both in normalisation and shape highlights the
power of the SFR-HAR connection in tracing galaxy evolution
without any further assumption, for example, on the complex and
multiple physical processes regulating star formation in galax-
ies, especially at high redshifts, since the latter are implicitly
included in our input SFRs, which should be regarded as a bal-
ance among the effects of AGN feedback, stellar feedback, and
gas cooling.
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Fig. 7. Galaxy bias as a function of redshift for UV magnitude Myy <
—19 (blue solid line) and Myy < —17 (orange dashed line). We compare
our predictions to the observed galaxy bias from Subaru/Hyper Suprime-
Cam (cyan triangles with error bars; Harikane et al. 2016), JWST JADES
(blue dots with error bars; Dalmasso et al. 2024a), HST CANDELS
(red squares with error bars; Dalmasso et al. 2024b) and JWST NIR-
Cam/grism (orange stars with error bars; Shuntov et al. 2025b).

4.3. Stellar-to-halo connection

We now turn our attention to the connection between the galaxy
stellar mass and host dark matter halo mass. As discussed
by several groups, the shape and evolution of the M, — M
relation are directly linked to those of the galaxy SMF (e.g.
Rodriguez-Puebla et al. 2017; Moster et al. 2018; Grylls et al.
2019; Fu et al. 2022, 2024).

Figure 6 displays the M, — M, relation at redshifts z = 6,
7, and 8 compared to the measurements from Spitzer/IRAC
(Stefanon et al. 2021) and COSMOS-Web (Shuntov et al.
2025a) data. For completeness, we also include the outputs
of the empirical models EMERGE (Moster et al. 2018) and
UniverseMachine (Behroozi et al. 2019). The upper panels show
the stellar mass as a function of halo mass, and the lower panels
report the stellar-to-halo mass ratio and the SFE, defined as
€x = M, /(Myfy), where f,, = 0.16 is the cosmic baryon fraction
(Planck Collaboration VI 2020). We find a strong correlation
between SFE and halo mass, with a SFE of ~70% the baryonic
value for the highest masses, significantly above common
expectations of ~10 — 20% as calibrated at lower redshifts (e.g.
Hopkins et al. 2011; Schaye et al. 2015; Pillepich et al. 2018a;
Davé et al. 2019). We find that our predicted SFEs are well
aligned with independent estimates derived from abundance
matching of the SMFs and halo mass functions, with a slight
tendency for our results to increase by a factor of ~2-3 at
z > 8. Our predictions both in stellar mass and in SFE are also
higher in normalisation with respect to the results of previous
semi-empirical estimates from, e.g.Moster et al. (2018) and
Behroozi et al. (2019), due to the fact that their models were
calibrated to match the SMFs and quenched fractions mostly
up to z = 4. Our current predictions are particularly noteworthy
as they point to very high baryon conversion efficiencies,
particularly in massive haloes at z > 7, in ways independent of
any specific theoretical model but simply relying on observed
UV data and halo abundances.
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4.4. Clustering

Prior to predicting galaxy star formation histories, we com-
puted the large-scale galaxy clustering, as a further test of our
approach. Indeed, a robust model of galaxy evolution should be
able to reproduce also the clustering in addition to galaxy abun-
dances (e.g. Mirocha 2020; Muiioz et al. 2023; Gelli et al. 2024;
Shuntov et al. 2025b; Kar et al. 2026). For this purpose, we cal-
culate the bias as a tracer of the large-scale spatial distribution of
galaxies, following the formalism put forward by Muifioz et al.
(2023)

1
b, =
£ p(Myy)

where ¢(Myy) is the UV LF, b(My,) is the halo bias (Tinker et al.
2010), P(My|Myy) is the probability distribution of halo mass
at fixed UV magnitude, and dn/dMy is the halo mass number
density.

Figure 7 shows the galaxy bias evolution as predicted by
our model, for Myy < —19 and Myy < —17, compared to
a variety of observational measurements (Harikane et al. 2016;
Dalmasso et al. 2024b,a; Shuntov et al. 2025b). Our model pre-
dicts an increasing trend for the galaxy bias as a function of
redshift and as a function of luminosity at fixed epoch, in good
agreement with the data and theoretical expectations of structure
formation.

d
f (PO M) 5 A 3)

4.5. Star formation histories

As anticipated above, our methodology allows to track the star
formation of galaxies along the progenitors to build full star for-
mation histories and integrated stellar masses. In this Section, we
explore the performance of our semi-empirical model in repro-
ducing very massive galaxies of the order of M, > 10'! M, at
7z~ 5 — 6, as observed by Xiao et al. (2024, 2026).

Figure 8 shows the star formation histories from DECODE in
different stellar mass bins compared to two massive star-forming
candidates detected by JWST (Xiao etal. 2024; Wang et al.
2024b; de Graaff et al. 2025 ). In particular, we show the stel-
lar mass (upper panel), SFR (second panel), specific SFR (third
panel), and SFE (lower panel) as a function of redshift. Our
model naturally predicts that massive galaxies comparable to
those observed by Xiao et al. (2024) underwent a high star for-
mation phase at redshift z > 9, with a peak of SFR at z ~ 10. In
particular, these galaxies formed half of their stellar mass in less
than 100 Myr with a bursty star formation. The first peak in SFR
at redshift z ~ 10 is characterised by values of SFR between
100—-200 Mg /yr and SFE close to unity. After 100 — 150 Myr
of intense star formation the galaxies entered a slightly milder
phase with lower values of (specific) SFR and SFE, reaching
standard values of ~30% below z < 7. As shown in the lower
panel of Figure 8, massive galaxies experience more frequent
major mergers with increasing redshift (with Werger 2 2/Gyr at
z 2 8), suggesting that part of the high SFR before the peak may
be ex situ triggered from major mergers. Such a correspondence
between high major merger rates and SFRs, expected from the
SFR-HAR relation, suggests that major mergers may have con-
tributed to boost early and high SFRs, even if their direct con-
tribution of ex situ stellar mass may have remained relatively
minor.

We now compare our predictions for the SFR evolution to
those inferred from SEDs. Figure 9 compares the mean star for-
mation history from our catalogue to those inferred for mas-
sive candidates from JWST (Glazebrook et al. 2024; Wang et al.
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Fig. 8. Upper panel: Stellar mass growth of galaxies in different mass
bins as a function of redshift. The red dots with error bars show three
massive galaxies in the JWST sample from Xiao et al. (2024). The
massive candidates detected by de Graaff et al. (2025) and Wang et al.
(2024b) are also plotted as a reference (purple square and green trian-
gles with error bars). The red lines and shaded areas show the mean
stellar mass and 1o dispersion in the same mass bins from DECODE.
The cyan and blue lines show the baryon mass limit computed from
the dark matter halo growth with star formation efficiency of €, = 0.2
and 1, respectively. The black solid line shows the ACDM limit with
€, = 1+ 30. Second, third and fourth panels: Star formation rate, spe-
cific star formation rate and star formation efficiency for the same stellar
mass bins as in the upper panel. The grey shaded area in the lower panel
shows the region where the star formation efficiency exceeds 100%. The
colour-coded arrows in the lower panel represent the merger rate, plot-
ted in terms of number of major mergers per unit time, as a function of
redshift.
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Fig. 9. Average star formation rate evolution for galaxies selected in our
catalogue with stellar mass M, ~ 10'' M, at redshift z ~ 5 (red dashed
line). We compare our results to the star formation histories inferred for
the JWST ZF-UDS-7329 galaxy from Prospector and FAST++ (M, =
10" M, at z = 3.2; Glazebrook et al. 2024; blue and orange lines with
shaded areas), JWST RUBIES-EGS-49140 (M, = 1.5 x 10'' M, at
z = 6.7; Wang et al. 2024b; green line with shaded area) and RUBIES-
EGS-QG-1 (M, = 10'"' M, at z = 4.9; de Graaff et al. 2025; purple line
with shaded area) candidates.

2024b; de Graaff et al. 2025). We selected galaxies of stellar
mass M, ~ 10" My at z = 5 to be as consistent as possible
with the mass and spectroscopic redshift of the samples from
the literature. Our results are broadly in agreement with the star
formation histories from SED fitting, yielding a high burst of
star formation ~400 Myr after the Big Bang (z ~ 11), with peaks
reaching 150-200 M /yr. Interestingly, such SFR quickly drops
after 100— 150 Myr, bringing the galaxy to a quiescent mode and
after ~200 Myr further resuming to appreciably higher values of
the SFR. Such a breathing alternate phases of SFR and quench-
ing have been recently put forward by Merlin et al. (2025) to
explain the puzzling non-linear evolution of the relative num-
ber densities of quenched and star-forming galaxies at high red-
shift from ASTRODEEP-JWST. It is interesting to note that we
do not include any quenching mechanism in our model galaxies
and their apparent periodic behaviour in SFR with the low-SFR
phase is uniquely driven by the evolution of the underlying HAR,
on the assumption that the host halo (characterised by masses
well below the quenching scale of M, ~ 10'2-10"3 M, e.g.
Dekel & Birnboim 2006) continues carrying cold gas to fuel the
star formation in the central galaxy.

4.6. Star-forming main sequence

In this Section, we turn our attention to the star-forming
main sequence of galaxies as predicted by our model. The
three panels of Figure 10 show the SFR-stellar mass rela-
tion at redshifts z = 6, 7 and 8, as labelled, compared to
the observed relations from Spitzer+Herschel (Popesso et al.
2023), JWST JADES/CEERS (Clarke et al. 2024), and COS-
MOS/SMUVS, JWST JADES/GOODS-S, and MIDIS/XDF
(Rinaldi et al. 2025). The overall relation is consistent in slope
with the Clarke et al. (2024) and Rinaldi et al. (2025) determi-
nations at all redshifts. We also find a mildly increasing nor-
malisation of the SFR as a function of redshift, in agreement
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Fig. 10. Star formation rate-stellar mass relation at redshifts z =
6, 7, and 8. The predictions from DECODE (blue solid lines
and shaded areas) are compared to the observational determina-
tions from Spitzer+Herschel (grey solid lines; Popesso et al. 2023),
JWST JADES/CEERS (red dashed and green dash-dotted lines;
Clarke et al. 2024), and COSMOS/SMUVS, JWST JADES/GOODS-
S and MIDIS/XDF (yellow dotted lines; Rinaldi et al. 2025). The blue
dashed lines show the model where dust correction is included in the
star formation rates.

with the increase in accretion rate of the host dark matter halo.
The good agreement with the main sequence further strengthens
the validity and overall self-consistency of our semi-empirical
approach.
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4.7. The role of dust obscuration

As described above, our SFRs are empirically based on direct
observation of the UV luminosities, under the assumption that
the dust content at high redshift is low (e.g. Pettini et al. 1997,
Nath et al. 2023; Shchekinov & Nath 2025). However, the SFRs
may still be underestimated due to the effect of dust obscura-
tion that could damp the intrinsic UV luminosity arising from
a galaxy (e.g. Payyoor Vijayan et al. 2026), and mounting evi-
dence suggests that the dust may still be present even in very
high-redshift galaxies (e.g. Ferrara 2024; Somerville et al. 2025;
Rodighiero et al. 2026). Here, we tested the effect of dust obscu-
ration by assuming different attenuation recipes from the lit-
erature. In particular, we explored the attenuation laws from
Charlot & Fall (2000), Calzetti et al. (2000) and Salim et al.
(2018), which we describe in detail in Appendix C. In the same
Appendix we also show that the dust-corrected UV LF would
match the IR LF at z < 6, where IR measurements are available,
providing independent support to our dust-correction recipes.

We find that within the UV luminosity range explored here, all
the recipes quoted above produce similar results, yielding SFRs
higher by a factor of ~2—-3 with respect to those predicted by our
reference model. This shift would in turn enhance our predicted
SFRs for the JWST massive candidates from ~150-200 My /yr
to ~300-600 My/yr, in closer agreement with what measured
by Xiao et al. (2024) at redshift z ~ 5-6, although still lower
than their quoted value of ~700 M, /yr. When including dust cor-
rections, the galaxy SMF, shown in Figure 5, is shifted towards
higher stellar masses, though still broadly aligned with current
data, except possibly at z ~ 6 and at higher stellar masses. Also the
star-forming main sequence, reported in Figure 10, increases by
0.2—-0.3 dex after dust correction. Intriguingly, the dust correction
would enhance the SFRs in Figure 8 at redshifts z ~ 8—10 push-
ing to SFEs above unity, as we further discuss below in Figure 12.
These findings would imply 1) that the dust content may still be
low at these high redshifts and high stellar masses and/or 2) that a
variable IMF is an inevitable ingredient in the evolution of galax-
ies at high redshifts. We explore the impact of a variable IMF in
the next Section.

4.8. The dependence on the initial mass function

We now discuss the implications of varying the input IMF on
the stellar masses and SFRs of the galaxies analysed in this
work. The shape of the IMF and its dependence on the galaxy
SFR continue to be a matter of intense scrutiny and with the
advent of JWST data the topic has become even more relevant.
Several works have pointed out the dependence of the stellar
population and the derived total stellar mass on the assumed
IMF, with the new observed massive candidates pointing towards
more exotic, e.g. top-heavy, IMFs (e.g. Steinhardt et al. 2023;
Carnall et al. 2024; Lapietal. 2024; van Dokkum & Conroy
2024; Wang et al. 2024a). Below, we employ two analytical
recipes for correcting the galaxy SFR for different assumed
IMFs. Our aim is to test whether a variable IMF can relax the
pressing need for extreme SFE values in forming massive galax-
ies. For example, a top-heavy IMF would generate more massive
stars increasing the UV luminosity for a given burst of star for-
mation, reducing the need for a high efficiency of star formation.

First, following Lapi et al. (2024), we parametrise the IMF
via the Larson (1998) analytic formula

G(my) o< iy - 7meelme @

where ¢ is the slope at high star masses and m, . is the charac-
teristic mass below which the IMF flattens or bends. In order to



Fu, H, etal.: A&A, 711, A44 (2026)

2 T T T T T T
. Salpeter 1995

Kroupa 2001 A
Chabrier 2003
bottom-light

top-heavy
Fontanot+2017

—3}
NG
—4F /,/‘\%'35}.}.\]1)%0) h
AN
AN \\.\
—5F o \‘Q\;;
—1.0 —0.5 0.0 0.5 1.0 1.5 2.0

logyy M. [Mo)]

Fig. 11. Initial mass function from Salpeter (1955, black dotted line),
Kroupa (2001, black dashed line) and Chabrier (2003, black dash-dotted
line), compared to the bottom-light (gold solid line) and top-heavy (red
solid line) toy model IMFs parametrised in terms of the Larson (1998)
formula. The green shaded area represents the range of variation of
the integrated galaxy-wide initial mass function for star formation rates
between 1072 and 103 M, yr~' from F17. The different IMFs are nor-
malised to the value of the Chabrier (2003) IMF at m, = 1 M.

compute the kyy conversion factor from UV luminosity to SFR,
we make use of the results from Lapi et al. (2024, see Section 2.2
therein) obtained using the PARSEC code for stellar evolution
(Bressan et al. 2012; Goswami et al. 2022).

We also take advantage of the predictions of the
GAlaxy Evolution and Assembly (GAEA) semi-analytical model
implementing variable IMF prescriptions. In particular, we
consider the GAEA realisation discussed in Fontanot et al.
(2017, F17 hereafter, see also Fontanot et al. 2024) including
the integrated galaxy-wide IMF (IGIMF) model proposed by
Weidner & Kroupa (2005). The IGIMF framework provides an
estimate for the IMF shape for any given reference SFR. In
particular, we use the same broken power law parametrisation
for the IMF shape adopted in F17, and the corresponding best-
fit parameters from their Table 1. The resulting estimates for
the kyy factors in the different scenarios allow us to explore a
broader, but still physically plausible, range of conversions from
UV LF to the SFR function, and probe their impact on our results
compared to a Milky Way-like IMF. We show in Appendix B the
resulting SFR functions.

Figure 11 reports the various IMFs that we investigate in
this Section. In particular, in addition to the canonical Chabrier
(2003) IMF:s (see also Salpeter 1955; Kroupa 2001), we consider
more exotic ones such as bottom-light and top-heavy, which
have been constructed by tweaking the characteristic mass of
the Larson (1998) formula to m, . = 0.1 My for the former,
and the slope at high star masses to & = —1.5 for the latter.
From the IGIMF library considered in F17, we focus on the IMF
corresponding to a log,, SFR = 3, as the corresponding top-
heavy shape provides the largest deviations from the canonical
Chabrier IMF. We also note that, in principle, the kyy conversion
factor should vary with stellar age and metallicity, but we find
that it has a weak dependence on these parameters in the ranges
of interest to this work, stellar ages of 10—200 Myr and metallici-

S 6 7 8 9 10 11.5

12.() 1 1 1 1 T T

100 C \ 7]

H
Al
=== Ref. model —-— Top-heavy IMF (F17) “:
| Bottom-light IMF Dust l
I
| —— Top-heavy IMF (L24) Dust+IMF ll:
1 1 1 1 z
1.2 1.0 0.8 0.6 0.4

Cosmic time [Gyr]

Fig. 12. Upper panel: Stellar mass growth of galaxies in the same high-
est stellar mass bins as in Figure 8, for our reference model IMF (red
dashed line), the bottom-light (gold dotted line), and the Lapi et al.
(2024) and F17 top-heavy IMFs (blue solid and green dash-dotted
lines). The orange dashed and solid lines show the cases with dust, and
dust along with a top-heavy Lapi et al. (2024) IMF. Lower panel: Same
as the upper panel, but for the star formation efficiency.

ties 0.001—-1 Z; (e.g. Carnall et al. 2023; Curtis-Lake et al. 2023;
Labbé et al. 2023; Tacchella et al. 2023; Topping et al. 2024).

For the above-mentioned IMFs and input assumptions, we
retrieve the following values of the UV luminosity-to-SFR con-
version factors:

kuv kroupa = 2.1 x 107" Mo yr™ ' LZ! Lyv, 5)
kllﬁ;l,bottom—light = L1x 107" Mo yr™' L' Lyv, (6)
k¥ top_neavy = 1.7 X 1071 Mo yr™' Lg! Ly, (7
KON op-heavy = 1 X 1070 Mo yr™! L5! Lyy. (8)

The abundance matching procedure is then repeated by using
the new conversion factors which lead to different SFR functions
(see also Appendix B).

Interestingly, when assuming an input bottom-light IMF, the
output SFRs would be a factor of ~2 lower than that predicted
by the fiducial Chabrier (2003). Conversely, when adopting the
top-heavy IMF from the Lapi et al. (2024) formalism, the SFRs
would be lowered by the same factor, and by up to ~50% when
adopting the top-heavy IMF from the F17 formalism. Figure 12

A44, page 11 of 16



Fu, H., et al.: A&A, 711, Ad4 (2026)

shows the stellar mass assembly (upper panel) and SFE (lower
panel) in the most massive bin as in Figure 8, for the variable
bottom-light and top-heavy IMFs. Both a bottom-light and a
top-heavy IMF could alleviate the need for extreme values of
the SFEs and better accommodate the observed massive galax-
ies within ACDM, though still requiring peak values of the SFEs
of around 30 — 40%. However, if we reinsert dust corrections in
our non-canonical IMF models, we would still recover very high
SFEs of €, > 0.7 at z > 7 (orange solid lines in Figure 12).
Instead, as mentioned above, the reference model with only dust
correction would yield unphysical SFEs greater than unity at
z 2 7 (orange dashed lines in Figure 12). Thus, a non-canonical
IMF appears to be a necessary ingredient to contain the SFEs of
high redshifts, in particular in massive and dusty galaxies.

5. Discussion

In this work, we laid out a self-consistent and minimal data-
driven approach to assign empirical SFRs to haloes and build
the implied galaxy star formation histories. Instead of using
observed UV LFs as outputs to test the model, we used them
as input to infer SFRs mapped onto host dark matter haloes
via abundance matching techniques. With the least possible
assumptions and theoretical inputs, our methodology transpar-
ently allows us 1) to infer the efficiencies of star formation in
haloes as emerging directly from the observed galaxy luminosi-
ties, and 2) to test the consequences of adding dust obscuration
and/or IMF variations on empirical SFRs. In general, we find
that high SFEs appear to be unavoidable within the framework
of a ACDM Universe, independently of any stochasticity in the
star formation histories or dust obscuration, although the inclu-
sion of a variable IMF could reduce the SFEs by a factor of ~2.
Below we further discuss some implications of our results and
how they compare to other works.

We showed in Figures 8 and 9 that our method naturally
predicts bursts of star formation characterised by extremely
high SFEs following the sustained halo accretion histories
characterising host haloes at early epochs. This finding aligns
with what has been recently found in cosmological simula-
tions by Dekel et al. (2025), who reported feedback-free star-
bursts with massive galaxies at cosmic dawn. Similar results
are also reported by the work of Ferrara et al. (2025a), who
found feedback-free SFRs in the pre-supernova phase with SFE
€« > 0.4. We also found that these galaxies are characterised
by a number density of ~1.8 x 107> Mpc™ at redshift z ~ 5-6
for M, z 10" M, which lies far below the hard upper limit
imposed by the dark matter halo mass function of ~1073 Mpc™
at the same redshifts (as shown in Boylan-Kolchin 2023), show-
ing no tension between these objects and ACDM.

Another important caveat of our modelling is the lack of IR
restframe data at redshift z > 6. We have shown that assum-
ing an extinction law to account for the dust obscuration, may
generate some overestimation of the measured SMF and further
increase the already extreme SFEs above unity (dashed orange
lines in Figure 12), although it could help in boosting the star
formation histories of the very massive galaxies. We speculate
that dust correction is a relevant factor in massive galaxies at
the late phases of cosmic dawn, but less impactful at higher red-
shift and lower stellar masses. This hypothesis is also supported
by the findings of several other works, that support a dust-free
star formation scenario above z > 10 with a gradual transition
period at redshift z ~ 8—9 (e.g. Ferrara et al. 2022, 2023, 2025b;
Algera et al. 2023; Cullen et al. 2024).

A44, page 12 of 16

Finally, we studied how the galaxy SFE, for a given observed
luminosity, can vary by assuming different IMFs. In particular,
we found that a more exotic IMF, e.g. characterised by more
massive stars, is expected to improve the above tension between
the JWST high-luminosity objects and ACDM. This is due to
the fact that more massive stars generally emit a higher amount
of light per unit mass, producing higher luminosities at fixed
galactic stellar masses. Indeed, as a result of this, we found
that a top-heavy or bottom-light IMF yields SFEs a factor of
~10-50% lower with respect to the extreme values of SFEs
€« ~ 1 suggested by the fiducial model, in good agreement with
what reported in Ziegler et al. (2025) and Fontanot et al. (2026).
We found that our reference model with dust and/or the inclu-
sion of a non-canonical IMF, still yields a clustering strength at
large scales within =10 — 20%. Therefore, at the level of preci-
sion of the current data, galaxy clustering may not yet be able
to efficiently break degeneracies among different models, but it
can still be used as a consistency check for the validation of the
mean correlation between stellar mass and host halo mass.

All in all, our findings suggest that the observed UV LFs
necessarily translate into high SFEs when mapped against the
halo accretion histories in a ACDM early Universe at z >
7, in line with a variety of previous studies (e.g. Dekel et al.
2023; Ferrara et al. 2023; Lapi et al. 2024; Menci et al. 2024;
Somerville et al. 2025; Prada et al. 2026). In turn, such high
SFEs, when integrated in time, can generate massive galaxies
close in stellar mass to those observed by JWST. Even in the
presence of a non-canonical stellar IMF, the SFEs remain con-
siderably high and close to unity if dust corrections are included.
Beyond-ACDM cosmological models, making use of, for exam-
ple, dynamical dark energy, could release some of the tension,
although they would still require high SFEs (e.g. Menci et al.
2026; Comini et al. 2026).

6. Conclusions

In this work, we have presented a flexible yet powerful data-
driven method to estimate the star formation histories and effi-
ciencies of the high-redshift galaxies detected by JWST. Instead
of fitting the observed UV LFs through parametric SFEs, we
have used these data as input in our framework to extract the
implied SFRs, which we have mapped onto host dark mat-
ter haloes via abundance matching techniques with the halo
accretion rates. Our SFRs are thus by design directly rooted in
observations and as such can be considered an effective balance
among any cooling, feedback and accretion, without requiring
explicit modelling of any of these processes. By assigning SFRs
to galaxies via our abundance matching relations along the main
progenitors, we have built star formation histories, star formation
efficiencies, and integrated stellar masses. In our transparent and
minimalistic method based on abundance matching, SFEs sim-
ply emerge from the data rather than being a tuned input of the
model, thus serving as a natural baseline to test burstiness, dust
attenuation, or IMF variations.
Our main results can be summarised as follows:

— The assumption of a monotonic relation between the galaxy
SFR and dark matter halo accretion rate can robustly predict
and match the bulk of the observed galaxy stellar mass func-
tion, supporting the view that the vast majority of galaxies
above z > 5 are mostly star-forming (Figures 4 and 5).

— The star formation efficiency implied by our data-driven for-
malism is contained within 30% up to z ~ 6 but rapidly
increasing to €, = 0.8 at z > 9 for M, > 5 X 10'° M,
(Figure 6).
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We find that massive galaxies formed the majority of their
stellar mass via a bursty star formation roughly 400 Myr after
the Big Bang with extreme values of baryon conversion effi-
ciencies (Figures 8 and 9).

— Our predicted star formation histories along the main pro-
genitors generate a main sequence consistent with current
measurements at these high redshifts (Figure 10).

— Dust obscuration may play an important role in massive
galaxies and can increase the total SFR by a factor of up to
~2 on average at redshift 5 < z < 8, with respect to the refer-
ence case without dust, implying SFEs greater than unity at
z2 7.

— Non-canonical IMF scenarios, like a top-heavy one
(Figure 11), produce lower SFRs and SFEs at fixed lumi-
nosity, alleviating the pressing need for an extreme baryon
conversion efficiency at z > 9 (Figure 12).

In conclusion, all our results point to high SFEs, close to unity
at z 2 7, even when accounting for non-standard IMFs, espe-
cially when correcting for dust extinction. Semi-empirical mod-
els represent a powerful data-driven approach for addressing
key issues of galaxy evolution at high redshifts. Semi-empirical
models can accurately predict several galactic properties, such
as the star formation histories, galaxy abundances, and stellar
mass-halo mass relation in line with observations, with only
a minimal number of observed parameters as input. With the
upcoming high-quality data from observatories, such as Euclid
(e.g. Euclid Collaboration: Mellier et al. 2025) and Rubin-LSST
(e.g. Ivezi¢ et al. 2019), the role played by data-driven models
like ours will become even more relevant to extract key con-
straints on galaxy formation and evolution quantities in a self-
consistent and flexible way (e.g. Lapi et al. 2026).
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Table A.1. Best-fitting parameters to Equation (A.1) for the SFR func-
tion at redshifts z > 6.

z  logip¢*  logig M} g s T

6 —3.42570007 0.712+5057 1.995%0:902 0.220%0:012
T a0z v 0190
8 —3.4140030 03670038 21910997 03050014
0 —4.14801%  033600%  252500% (412
10 —34060192 0 116006 22880036 5190019
11 =3917012  0.2290982  2.2780036  0.3995:023

Appendix A: High-redshift star formation rate
function
We fit the collection of data for the SFR function, as described

in Section 4.1 (Figure 2), with a modified Schechter function
following Saunders et al. (1990)

. ) . M, ser '™
¢(M, spr)d log My spr = M:,SFR( . : )
M orr
1 M .
exp[ -5 log%O (1 + — :’SFR) dlog M srr (A.1)
200 *,SFR

The best-fitting parameters of the SFR function to Equation
(A.1) at each redshift are shown in Table A.1. Figure A.1 shows,
as an example of robustness of our fit, the posterior distributions
of the parameters fitted at redshift z = 10, and we obtained also
similar corner plots for the fits at any other redshifts considered
in this work. We also fit the redshift evolution of each parame-
ter of the Saunders formula, using minimum likelihood method,
finding the following analytic redshift-dependent fits

log,o ¢*(z) = —3.43 + 1.59 - log(1 + 2)

—6.39 - log},(1 +2) + 4.83 - log} (1 + 2) , (A.2)
log o M} gpp(2) = 0.71 +2.62 - log (1 + 2)
—11.06 - logfo(1 +2) + 8.69 - log;, (1 +2) , (A.3)
a(z) =2 —-2.48 -logo(1 +32)
+10.8 - logi,(1 +2) —9.23 - logl,(1 +2) , (A4)
o(z) = 0.22 — 1.52 - log;(1 +2)
+5.88 - logiy(1 +2)—4.59 -logl,(1+2), (AS5)

where Z = 7 — zp and zg = 6.

Appendix B: Star formation rate function for
different initial mass functions

Figure B.1 shows the SFR function for the different IMFs we
explore in Section 4.8. For each input IMF, we repeat the abun-
dance matching by building a new SFR function depending on
the Lyy-to-SFR conversion corresponding to the assumed IMF.

logo ¢* =
T

3 406+0-102
3,406+ 0492
T

10g10 Mg = —01167556
T

logig M spp

logyo ¢*

logig M7 gpp

Fig. A.1. Poster distribution of the fitting parameters to Equation (A.1)
for the star formation rate function at redshift z = 10.

Appendix C: Dust attenuation laws

We first employ the Charlot & Fall (2000) attenuation law,
according to which the intrinsic luminosity is correlated to the
observed luminosity with the following power law

Ling = Lops X €™,

soor) 7 (si0n)

ISM BC

T, =T . < +7T, A . (C.D
S (SSOOA * "\5500A

where A is the observation wavelength and (75, 7%M n) =

(1,0.5,0.7).
We secondly explore the Calzetti et al. (2000) attenuation
law

Line = Lops X 100'4A/l s (C2)

with A, = k(1) - E(B — V). Here, E(B — V) is the colour excess
and k(1) = 2.659(—1.857 + 1.040/2) + Ry, with Ry = 4.05.

Lastly, we also include the modified Calzetti law as presented
in Salim et al. (2018)

RVmod A d
k() = ky —(—) +D,,
A Ry ca \5500A *
Ryca
RV,mod = 2

(Ryca + 1)(4400/5500)° — Ry cy

& = —0.45 + 0.19(log,o(M, /M) — 10), (C.3)

where Ryc, = 4.05 and D, is the Drude profile UV bump
(Fitzpatrick & Massa 1986).

We note that the above correction for dust depends on the
specific observation wavelength of the sources. We checked that
by applying the correction from the above recipes within the
wavelengths of interest the bright end of the galaxy LF matches
the observed one in the IR band, but naturally overestimates the
faint end where the dust content should be significantly lower
(Figure C.1).
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Fig. B.1. Star formation rate function from redshifts z = 6 to 11 for different assumed initial mass functions: canonical (black solid lines; Chabrier
2003), top-heavy F17 (red dash-dotted lines; F17), top-heavy L24 (blue dashed lines; Lapi et al. 2024), and bottom-light (green dotted lines;
Lapi et al. 2024). The red dash-dotted lines refer to the F17 IGIMF for SFR = 10° M, /yr.

2F—— UV-only fit
UV fit + dust corr.

Pello (z = 6)
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Fig. C.1. Star formation rate function at redshift z = 6 from the UV-only
fit and by including the dust correction, compared to several observa-
tions both in the UV and IR bands.
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