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A B S T R A C T 

We use the Cosmic Archaeology Tool (CAT) semi-analytical model to explore the contribution of Population (Pop) III/II stars 
and active galactic nuclei (AGNs) to the galaxy ultraviolet (UV) luminosity function (LF) evolution at 4 ≤ z ≤ 20. We compare 
in particular with recent JWST data in order to explore the apparent tension between observations and theoretical models in the 
number density of bright galaxies at z � 10. The model predicts a star formation history dominated by UV faint ( M UV 

> −18) 
galaxies, with a Pop III contribution of � 10 per cent ( � 0 . 5 per cent ) at z � 20 ( z � 10). Stars are the primary sources of 
cosmic reionization, with 5 per cent –10 per cent of ionizing photons escaping into the intergalatic medium at 5 ≤ z ≤ 10, while 
the contribution of unobscured AGNs becomes dominant only at z � 5. The predicted stellar and AGN UV LFs reproduce the 
observational data at 5 � z � 9–10. At higher redshift, CAT predicts a steeper evolution in the faint-end slope ( M UV 

> –18), and 

a number density of bright galaxies ( M UV 

� −20) consistent with data at z ∼ 10–11, but smaller by 0.8 dex at z ∼ 12–13, and 

1.2 dex at z ∼ 14–16, when compared to the values estimated by recent studies. Including the AGN emission does not affect the 
abo v e findings, as AGNs contribute at most to � 10 per cent of the total UV luminosity at M UV 

< –19 and z � 10. Interestingly, 
considering a gradual transition in the stellar initial mass function, modulated by metallicity and redshift as suggested by recent 
simulations, the model agrees with JWST data at z ∼ 12–13, and the disagreement at z ∼ 14–16 is reduced to 0.5 dex. 

K ey words: galaxies: acti ve – galaxies: high-redshift – galaxies: luminosity function, mass function – quasars: supermassive 
black holes – dark ages, reionization, first stars – cosmology: theory. 
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 I N T RO D U C T I O N  

he launch of JWST represents a major breakthrough in our under- 
tanding of the high-redshift Universe. The early release observations 
nabled the detection of several galaxy candidates with photometric 
edshifts z � 10 (Bradley et al. 2023 ; Castellano et al. 2022 ; Labbe
t al. 2023 ; Naidu et al. 2022 ; Tacchella et al. 2023a , b ; Atek et al.
023 ; Donnan et al. 2023 ; Williams et al. 2023 ; Adams et al. 2023b ;
arikane et al. 2023b ), some of which with spectroscopic confirma- 

ion (Schaerer et al. 2022 ; Wang et al. 2022 ; Heintz et al. 2023a ,
 ; Arrabal Haro et al. 2023 ; Bunker et al. 2023 ; Curti et al. 2023 ;
arikane et al. 2024 ), including the currently most distant galaxy at
 = 13.2 (Curtis-Lake et al. 2023 ). This provides an unprecedented
pportunity to explore the properties of the galaxy population in the 
rst few hundreds million years of cosmic history, and to constrain 

heir evolution. In particular, deep JWST observations are starting to 
onstrain the low-mass end of the black hole (BH) mass function at z 
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4–7 (Kocevski et al. 2023 ; Übler et al. 2023 ; Harikane et al. 2023a ;
aiolino et al. 2023c ), observe accreting supermassive black holes 

SMBHs) in the nuclei of galaxies at z ∼ 9–11 (Larson et al. 2023 ;
aiolino et al. 2023a ), and detect potential signatures of the first

tellar populations (Wang et al. 2022 ; Welch et al. 2022 ; Vanzella
t al. 2023 ; Maiolino et al. 2023b ). 

The wealth of early JWST observations is already starting to 
hallenge theoretical models. In particular, the number density of 
right galaxies and its apparent lack of evolution between z ∼
 and ∼ 13–17 are in tension with standard model predictions 
Finkelstein et al. 2023 ). Several physical causes have already been
roposed to relieve this tension. A first possibility is that the observed
ltraviolet (UV) bright galaxies arise as outliers of the general 
opulation, due to variations in halo formation histories, which lead 
o young ages ( ∼10 Myr) and high star formation rates (SFRs, Mason,
renti & Treu 2023 ). Alternatively, the observed UV luminosity 
unction (LF) at z � 10 can be reproduced if the interstellar dust
s e v acuated by radiati vely dri ven outflo ws during the earliest phase
f galaxy build-up (Ferrara, Pallottini & Dayal 2023 ; Fiore et al.
023 ; Ziparo et al. 2023 ). An o v erabundance of bright objects could
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lso be explained if galaxies produce stars or UV photons more
fficiently than expected due to a lack of SF suppression at pre-
eionization epochs (Harikane et al. 2023b ), feedback-free starbursts
Dekel et al. 2023 ), less ef ficient stellar-dri ven winds (Yung et al.
024 ), or to a more top-heavy stellar initial mass function (IMF)
haracterizing stellar populations at high redshift (Inayoshi et al.
022 ; Finkelstein et al. 2023 ; Yung et al. 2024 ; Harikane et al.
023b , 2024 ). Indeed, the fraction of massive stars in high-redshift
tellar populations is expected to increase as a result of both the
ow metallicity (Omukai et al. 2005 ; Hirano et al. 2014 , 2015 ;
hon, Hosokawa & Omukai 2021 ) and the higher temperature of the
osmic microwave background (CMB, Schneider & Omukai 2010 ;
hon et al. 2022 ). A considerable evolution of the stellar IMF might

herefore be expected at z � 10, resulting into a reduced mass-to-
ight ratio in early galaxies. To test this hypothesis, spectroscopic
ignatures associated to the presence of massive stars, such as strong
ebular line emission and significant SN-driven galactic winds, will
e tested by forthcoming observations (Katz et al. 2023 ; Nakajima &
aiolino 2022 ; Trussler et al. 2023 ). By looking at the inferred

roperties of JWST photometric sources (stellar masses, ages, and
V slopes), Mirocha & Furlanetto ( 2023 ) argue that a combination
f increased SF efficiency, short-term temporal variations in the
FR, and dust attenuation is required to match the observations.
hen the comparison is made with spectroscopically confirmed

ources (Curtis-Lake et al. 2023 ; Arrabal Haro et al. 2023 ; Robertson
t al. 2023 ), Keller et al. ( 2023 ) and McCaffrey et al. ( 2023 ) show
hat that existing cosmological simulations with varying resolution
an generally reproduce the observations in terms of galaxy stellar
asses, SFRs, and number density of galaxies at z > 10. Similarly,
rada et al. ( 2023 ) show that forecasts of a standard cosmological
alaxy formation model 1 are consistent with the abundance of pho-
ometrically selected JWST / Hubble Space Telescope ( HST ) galaxies
t z = 8, 9, and 10, and with the properties of spectroscopically
onfirmed galaxies at the same redshift; an exception is represented
y the sample of red massive photometrically selected galaxies
dentified by Labbe et al. ( 2023 ) at z ∼ 8, whose stellar masses
xceeding 10 10 M � may be affected by systematic errors, but if real
ould require a revision of the standard galaxy formation model (see

.g. Menci et al. 2022 ). 
The abo v e quoted studies show the complexity of interpreting

arly JWST measurements. One additional possibility is that at least
 fraction of the observed UV luminosity densities at z � 10 are pro-
uced by active galactic nucleus (AGN) activity (Pacucci et al. 2022 ).
ndeed, ongoing JWST surv e ys, such as JADES Medium/Deep,
EERS, and PRIMER, are expected to be sensitive enough to detect

ens of accreting BHs with masses M BH = 10 6 –10 8 M � at 7 ≤ z ≤
0, with JADES Deep having the sensitivity to detect growing BHs
ith masses M BH = 10 4 –10 6 M � at z � 10 (Trinca et al. 2023 ).
hile most of the z ∼ 12–16 JWST candidates show extended
orphologies (Harikane et al. 2023b ), JWST NIRSpec spectroscopy

ave detected broad emission lines from low-luminosity AGNs at
 ∼ 4–7 (Kocevski et al. 2023 ; Übler et al. 2023 ; Harikane et al.
023a ; Maiolino et al. 2023c ) and from sources at z = 9–11 (Larson
t al. 2023 ; Maiolino et al. 2023a ), suggesting that AGN activity may
ontribute to the UV luminosity of at least a fraction of these sources.
he estimated BH masses are ∼ 10 7 –10 8 M � and the M BH /M ∗ ratio

s higher than the empirical relationship measured for nearby broad-
ine AGNs with comparable BH masses (Reines & Volonteri 2015 ).
NRAS 529, 3563–3581 (2024) 

 They combine Uchuu N -body simulations (Ishiyama et al. 2021 ) with the 
niverse Machine galaxy formation algorithm (Behroozi et al. 2019 ). 
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hese findings are consistent with the expectations of theoretical
odels (Schneider et al. 2023 ), which show that JWST surv e ys hav e

he sensitivity to detect early accreting BHs out to z ∼ 10 (Trinca
t al. 2023 ), provided that these systems are overmassive with respect
o their host galaxy stellar mass (Volonteri, Habouzit & Colpi 2023 ).
nterestingly, none of the systems is detected in X-rays, and their
osition on the BPT (Baldwin, Phillips & Terlevich 1981 ), or the
HNO (Backhaus et al. 2022 ) diagrams is similar to that of star-

orming galaxies observed at similar redshift. This means that the
dentification of these systems must be aided by properly designed
olour-selection techniques (Natarajan et al. 2017 ; Valiante et al.
018 ; Zhang et al. 2023 ; Goulding & Greene 2022 ; Inayoshi et al.
022 ), or spectral diagnostics based on high-ionization lines, such as
e II and Ne V (Nakajima & Maiolino 2022 ; Cleri et al. 2023 ), but
ay ultimately rely on the detection of their broad emission lines

Kocevski et al. 2023 ; Larson et al. 2023 ; Übler et al. 2023 ; Harikane
t al. 2023a ; Maiolino et al. 2023c ). 

In this work, we aim to assess the impact of AGN emission and
opulation (Pop) III/II stars on the high-redshift galaxy UV LF . W e
ase our predictions on the Cosmic Archaeology Tool (CAT, Trinca
t al. 2022 ), and we focus, in particular, on the redshift range probed
y JWST , from z � 4 out to ∼ 16–18 (Bouwens et al. 2023 ; P ́erez-
onz ́alez et al. 2023 ; Harikane et al. 2023b , 2024 ). 
The paper is organized as follows. In Section 2 , we summarize the
ean features of CAT and the impro v ements made in the modelling

f the first sources. In Sections 3 and 4 , we present our results. In
articular, we first illustrate how the model complies with global
onstraints on the SF (Section 3.1 ) and cosmic reionization histories
Section 3.3 ), and how our predictions compare with independent
odels. Then, we present the predicted redshift evolution of the

alaxy LF (Section 4.1 ), tracing the contribution of AGNs (Section
.2 ) and Pop III stars (Section 4.3 ) in different luminosity bins, and
he potential effects of a gradual change in the stellar IMF with
edshift and metallicity (Section 4.3.2 ). Finally, in Section 5 , we
ummarize our findings and draw our main conclusions. 

 M O D E L L I N G  T H E  FIRST  S O U R C E S  WITH  

AT  

ere, we briefly recall the main features of the CAT model, presented
n detail in Trinca et al. ( 2022 ), and the impro v ed modelling that we
ave made for this study (see Sections 2.2 and 2.6 ). 
CAT is a semi-analyical model which has been developed to follow

he co-evolution of the first galaxies and their nuclear BHs through
osmic times. A large sample of dark matter (DM) hierarchical
erger histories, representative of the evolution of the entire galaxy

opulation, is generated from z = 4 up to 24 using the GALFORM

alaxy formation model (Parkinson, Cole & Helly 2008 ), which is
ased on the extended Press–Schechter formalism. To describe SF
ccurring in molecular and atomic-cooling haloes, corresponding
o virial temperatures 1200K ≤ T vir < 10 4 K and T vir ≥ 10 4 K, re-
pectively, we adopt a mass resolution that corresponds to a virial
emperature of T vir = 1200 K. Hence, the minimum resolved halo

ass ranges from 9 . 4 × 10 5 M � at z ∼ 24 to 1 . 0 × 10 7 M � at z ∼
. Once each DM halo virializes and collapses, the gas is accreted
nd, depending on the virial temperature, redshift, and composition,
t cools down and forms stars. The baryonic evolution is followed by
eans of a set of physically moti v ated prescriptions, that we briefly

ummarize below, with a set of free parameters: the star formation
fficiency εSF , the BH accretion parameter α, the SN and AGN wind
fficiencies εw, SN , εw, AGN (see equations 1 , 3 , 7 , and 8 ). These are
alibrated to reproduce the observed stellar mass density and star
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Figure 1. The mass fraction of gas that is able to cool in one free-fall 
time, f cool , as a function of redshift for two halo virial temperatures, T vir = 

2000 and 9000 K, which enclose the minihalo mass range, and considering 
two different values of the illuminating LW flux, J LW 

= 0, 10. We show the 
evolution assuming three different values of gas metallicity, Z = 0 (upper 
panel), Z = 0 . 1 Z � (central panel), and Z = Z � (lower panel). 
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ormation rate density (SFRD) at 4 ≤ z ≤ 6, and the SMBHs masses
nd luminosities inferred for the z ∼ 6 quasar population (for further
etails see section 3 in Trinca et al. 2022 ). 

.1 Star formation 

he fraction of gas mass available for SF depends on the balance
etween cooling and dynamical time-scales. The SFR is computed 
n each galaxy as: 

FR = f cool M gas εSF /τdyn , (1) 

here M gas is the available gas mass reservoir, τdyn = 

 R 

3 
vir / ( G M halo )] 1 / 2 is the dynamical time of the system, and εSF =

.05 is the SF efficiency, which has been calibrated to match the
FRD and stellar mass density evolution at 4 ≤ z ≤ 8 (see section
 in Trinca et al. 2022 ). The parameter f cool quantifies the reduced
ooling efficiency inside molecular cooling haloes (also referred to 
s minihaloes) with respect to more massive atomic-cooling haloes. 
n fact, in minihaloes, where T vir < 10 4 K, the only efficient cooling
hannel in the primordial gas is provided by the roto-vibrational 
mission of molecular hydrogen ( H 2 ). If the star-forming regions are 
xposed to a sufficiently large flux in the Lyman–Werner (LW) energy 
and, [11 . 2 − 13 . 6] eV, emitted by nearby galaxies, the formation of
 2 can be strongly suppressed, decreasing the cooling efficiency 

Fialkov et al. 2013 ; Sugimura, Omukai & Inoue 2014 ; Valiante
t al. 2016 ; Wolcott-Green, Haiman & Bryan 2017 ). Once the gas
n the galaxy interstellar medium (ISM) starts to become metal- 
nriched due to stellar evolution, metals and dust enhance the cooling 
fficiency in minihaloes. Hence, the parameter f cool in equation ( 1 )
epends on the halo virial temperature, redshift, gas metallicity, and 
ntensity of the illuminating LW radiation. A thorough discussion of 
hese physical dependencies of f cool can be found in the appendix A of
aliante et al. ( 2016 ). Here, we provide a more synthetic description,
nd we show in Fig. 1 the value of f cool as a function of redshift
or minihaloes with T vir = 2000 and 9000 K, assuming two different
alues for the intensity of the illuminating LW flux ( J LW 

= 0 and 10),
nd three different gas metallicities: Z = 0 (primordial composition), 
 = 0 . 1 and Z � (see also fig. 1 in Sassano et al. 2021 ). When J LW 

= 0,
he value of f cool is close to unity for the most massive ( T vir = 9000 K)
inihaloes at high redshift, but it decreases with increasing J LW 

nd with decreasing metallicity . Concurrently , the cooling efficiency 
s reduced for smaller minihaloes ( T vir = 2000 K) and it decreases
o ward lo wer redshift. Even moderate v alues of J LW 

( J LW 

= 10) lead
o a significant drop in the cooling efficiency, particularly for metal- 
ree and metal-poor gas compositions. Conversely, in atomic cooling 
aloes we set f cool = 1. 

.2 Impro v ed treatment of Population III stars 

elying on recent state-of-the-art hydrodynamical simulations, 
hich follow in detail the formation of stellar systems in very metal-
oor environments (Chon et al. 2021 , 2022 ), we imposed a further
equirement for the onset of SF inside pristine haloes. Since simu-
ations suggest that cold gas clouds need to accumulate a sufficient 
mount of gas before undergoing collapse and fragmentation, we 
ssumed that the cold gas mass inside each halo must be larger
han a minimum value of M cold , min = 10 3 M � to form stars. We also
dopted an enhanced SF efficiency during Pop III SF, assuming 
SF , PopIII = 0 . 15, while maintaining the standard efficiency εSF = 

.05 (see Trinca et al. 2022 ) for subsequent stellar populations. This
mpro v ed modelling sets the minimum total stellar mass formed in
ach Pop III SF episodes to ∼ 150 M �, in agreement with simulation
esults (Chon et al. 2022 ). 

Theoretical studies suggest that at extremely low metallicities, 
uch as the ones characterizing the first star-forming re gions, v ery
assive stars are preferentially formed (Omukai & Nishi 1998 ; 
romm, Kudritzki & Loeb 2001 ; Omukai & Palla 2003 ; Yoshida,
mukai & Hernquist 2008 ; Hosokawa et al. 2011 ). The IMF of the
rst generation of stars, also referred to as Pop III stars, is therefore
upposed to be top-heavy, with typical masses ranging from few 10s
p to 100s of solar (Hirano et al. 2014 ; Susa, Hase ga wa & Tominaga
014 ; Hirano et al. 2015 ; Hosokawa et al. 2016 ; Sugimura et al.
020 ). Here we assume, for Pop III stars, a Larson IMF: 

 ( m ∗) ∝ m 

α−1 
∗ e −m ∗/m ch , (2) 

here m ch = 20 M � is the characteristic mass, α = −1.35 and
he mass ranges between 10 M � ≤ m ∗ ≤ 300 M �. Our choice is

oti v ated by stellar archaeology studies and appears to best match
he observed Galactic halo metallicity distribution function and the 
roperties of C-enhanced and C-normal stars at [Fe/H] < −3 (de
ennassuti et al. 2014 ; Fraser et al. 2017 ; de Bennassuti et al. 2017 ;
agg et al. 2022 ; Aguado et al. 2023 ). 
Under the environmental conditions where Pop III stars form 

pristine galaxies hosted in DM minihaloes), the total stellar mass 
ormed in a dynamical time-scale might be too small to fully sample
MNRAS 529, 3563–3581 (2024) 
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M

Figure 2. Distribution of lifetimes of Pop III stellar populations formed 
inside minihaloes (orange) and atomic-cooling haloes (blue). We show the 
two probability distributions assuming that the cold gas mass inside each halo 
must be larger than a minimum value of M cold , min = 10 3 M � to trigger Pop III 
SF. The two distributions have a different shape, reflecting the reduced amount 
of gas that is available for SF in minihaloes, that leads to the preferential 
formation of Pop III stars with masses comparable to the characteristic mass 
of the IMF, m ch = 20 M �, and to an undersampling of the high-mass tail of 
the IMF (see the text). 
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he IMF of Pop III stars. 2 Therefore, we stochastically sample the
MF during each episode of Pop III SF, building up the population star
y star until we saturate the total stellar mass formed. In addition,
op III stars are often assumed to die instantaneously due to the
apid evolutionary time-scales of very massiv e stars. Howev er, for
ess massive stars, with m ∗ ∼ 10 M � and lifetimes ∼ 20 Myr, this
ssumption might lead to a significant underestimation of their total
adiative output, as well as of the characteristic time-scale of metal
nrichment following their supernova (SN) e xplosions. F or this
eason, following each SF episode, we define the lifetime of the stellar
opulation τ life, PopIII as the lifetime of the most massive star formed,
hich represents the characteristic time-scale for metal enrichment

nside the host halo. As a result, multiple Pop III SF episodes can
ccur within the same host halo before the most massive stars explode
s SN, enriching the gas abo v e the critical threshold of metallicity
 crit , and suppressing SF due to mechanical feedback (see Section
.4 ). 
Fig. 2 compares the resulting distribution of stellar lifetimes for

op III stars formed in minihaloes and atomic cooling haloes. It is
 vident ho w the distribution changes depending on the halo prop-
rties. Inside minihaloes, Pop III stars are characterized by longer
ifetimes since fewer and less massive stars form. In fact, atomic
ooling haloes are more massive and characterized by more efficient
ooling, providing a reservoir of cold gas large enough to sample
he high-mass end of the IMF ( m ∗ > m ch ), leading to shorter Pop III
ifetimes. In this case, the host halo will be more rapidly enriched,
romptly transitioning towards Pop II SF. At higher metallicities,
mission through metal-fine structure lines and the presence of dust
ncrease the cooling efficiency. This leads to a transition toward
ower characteristic masses. Therefore, abo v e a critical metallicity
NRAS 529, 3563–3581 (2024) 

 In fact, a total stellar mass of M ∗, tot � 10 6 M � (Valiante et al. 2016 ) would 
e required to fully sample the Pop III IMF following a single SF episode. 

fl
c
a
J
I

f Z crit = 10 −3 . 8 M �, we assume that the formation of Pop II stars
ollows a Larson IMF, given in equation ( 2 ), with m ch = 0 . 35 M � in
he mass range [0.1, 100] M �. 

.3 Black hole seeds formation and growth 

t the end of each Pop III SF episode, we assume that the heaviest
mong the newly formed BH remnants forms a light BH seed. Inside
tomic-cooling haloes (where T vir ≥ 10 4 K), if metal and dust cooling
re still inefficient (Z ≤ Z cr ) and molecular cooling is suppressed by
 strong illuminating LW flux, 3 the gas collapses almost isothermally
ith no fragmentation. This leads to the formation of a single

upermassive star that becomes unstable, due to nuclear exhaustion
r general-relativistic (GR) instabilities, forming a heavy BH seed
ith a mass of 10 5 M � (Hosokawa, Omukai & Yorke 2012 ; Latif

t al. 2013 ; Ferrara et al. 2014 ; Inayoshi, Omukai & Tasker 2014 ;
ecerra et al. 2015, 2018 ; Latif & Ferrara 2016 ). Note that we do
ot consider intermediate-mass BH seeds, which are supposed to
rom runaway mergers in dense stellar clusters (see Sassano et al.
021 , for a recent investigation that considers all the three BH seeds
opulations). 
Once formed, BH seeds are assumed to settle at the centre of the

ost galaxy, where they can accrete gas and grow in mass. High-
esolution zoom-in simulations show that if the BH seed mass is
ess than 10 5 M �, its dynamical evolution is very perturbed by the
rregular gas and stellar distribution in high-redshift galaxies (Pfister
t al. 2019 ; Sassano et al. 2023 ). This effect will further suppress the
rowth of light BH seeds, as discussed by Trinca et al. ( 2022 ), but
ave a smaller impact on the observable population of accreting BHs,
hich largely descend from heavy BH seeds (Trinca et al. 2023 ). 
The gas accretion rate onto BHs is described by the Bondi–Hoyle–

yttleton (BHL) formula (Hoyle & Lyttleton 1941 ; Bondi 1952 ): 

˙
 BHL = α

4 πG 

2 M 

2 
BH ρgas ( r A ) 

c 3 s 

, (3) 

here c s is the sound speed, ρgas ( r A ) is the gas density e v aluated at
he radius of gravitational influence of the BH and r A = 2 GM BH /c 

2 
s .

he boost factor α = 90 is included to take into account the density
nhancement at small scales around the BH and is one of the free
arameters of the model, which has been calibrated to reproduce the
ange of BH mass and bolometric luminosity of the observed quasar
opulation at z > 5 (Trinca et al. 2022 ). 
In our reference model, the gas accretion rate, Ṁ accr , cannot exceed

he Eddington limit, so that: 

˙
 accr = min ( Ṁ BHL , Ṁ Edd ) , (4) 

nd the BH mass growth rate is computed as: 

˙
 BH = (1 − εr ) Ṁ accr , (5) 

here, Ṁ Edd = L Edd / ( εr c 
2 ), εr = 0.1 is the adopted radiative effi-

iency, and L Edd = 4 πcGM BH m p / σ T is the Eddington luminosity ( c
s the speed of light, m p is the proton mass, and σ T is the Thomson
cattering cross-section). 
ux into the LW energy band in units of 10 erg s cm Hz sr . For 
onsistency with our previous studies (Trinca et al. 2022 , 2023 ), here we 
dopt a threshold value of J cr = 300. A thorough discussion on the value of 
 cr for heavy BH seed formation can be found in Woods et al. ( 2019 ) and 
nayoshi, Visbal & Haiman ( 2020 ). 
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During galaxy mergers, the two nuclear BHs may sink to the 
entre of the newly formed galaxy, form a binary system and merge.
he time-scale of this process can be considerably longer than halo 
inking time-scales (Tremmel et al. 2018 ), but the formation of
oalescing BH pairs may be facilitated if the BHs have masses
 10 5 M � and are hosted in galaxies with high central stellar and

as densities (Volonteri et al. 2020 ). Here, we take a very simplified
pproach, and assume that two BHs coalesce during major mergers, 
hat is, if the mass ratio of their interacting host DM haloes is μ >

/10 (Tanaka & Haiman 2009 ; Valiante et al. 2011 ). Conversely, in
inor mergers ( μ < 1/10), only the most massive among the two

uclear BHs is assumed to migrate to the centre of the newly formed
alaxy. We note here that this o v ersimplification has a relativ ely
mall impact on BH mass growth, which is largely dominated by 
as accretion (Dubois, Volonteri & Silk 2014 ; Valiante et al. 2016 ;
acucci & Loeb 2020 ). 

.4 Mechanical and radiati v e feedback 

he abundance of gas inside each galaxy is affected by mechanical 
eedback due to galaxy-scale outflo ws dri ven by the energy released
y SN explosions and BH accretion, 

˙
 ej = Ṁ ej , SN + Ṁ ej , AGN , (6) 

here Ṁ ej , SN and Ṁ ej , AGN are the SN- and AGN-driven outflow rates. 
he first term is defined as: 

˙
 ej , SN = 

2 E SN εw , SN R SN ( t) 

v 2 e 

, (7) 

here E SN is the explosion energy per SN, v e = (2 GM / R vir ) 1/2 is the
scape velocity of the galaxy, εw, SN = 1.6 × 10 −3 is a free parameter
epresenting the SN-driven wind efficiency, and R SN ( t ) is the SN
xplosion rate. The latter quantity depends on the SF history and on
he nature of the stellar populations hosted by each galaxy: for Pop
II stars, E SN is assumed to be 2.7 × 10 52 erg, while for Pop II/I stars,
 SN = 1.2 × 10 51 erg. 
The second term in equation ( 6 ) is computed as, 

˙
 ej , AGN = 2 εw , AGN εr Ṁ accr 

(
c 

v e 

)2 

. (8) 

here εw, AGN is the AGN-driven wind efficienc y. F ollowing Trinca 
t al. ( 2022 ), in our reference model, we assume that εw, AGN =
.5 × 10 −3 . While quasars accreting at (or abo v e) the Eddington limit
re more likely to show strong outflows that contribute to evacuate the 
as from the inner galactic regions, broad, blushifted absorption lines 
racing outflowing gas have also been detected in AGNs accreting at 

ore moderately pace, down to few per cent Eddington (see e.g. 
anguly et al. 2007 ). Following Trinca et al. ( 2022 , 2023 ), we
arametrize BH feedback as described in equation ( 8 ) even when
Hs do not exceed the Eddington limit, as in the model that we
iscuss in this work (see also Negri & Volonteri 2017 ; Weinberger
t al. 2017 ; Tremmel et al. 2019 ; Piana, Dayal & Choudhury 2022
or similar descriptions of BH feedback). 

In addition to the radiative feedback induced by LW photons, 
escribed in Section 2.1 , during the process of cosmic reionization the
hotoheating due to the increased gas temperature in photoionized 
egions can suppress SF in haloes with virial temperatures below the 
emperature of the intergalactic medium (IGM, Valiante et al. 2016 ). 

e consider T IGM 

= Q H II T reio + (1 − Q H II ) T H I , where T reio = 2 ×
0 4 K, T H I = 0 . 017(1 + z) 2 and the filling factor of H II regions, Q H II ,
s computed as described below. 
.5 Metal and dust enrichment 

ollowing Valiante et al. ( 2014 ) and de Bennassuti et al. ( 2014 ),
AT follows the metal and dust enrichment in each galaxy adopting
 two-phase ISM model, with a cold atomic/molecular phase, where 
F occurs and where dust grains can grow in mass by accreting
as-phase metals, and a hot/warm diffuse phase where dust can 
e destroyed by SN shocks. Following DM halo virialization, the 
as is initially accreted into the diffuse phase, then it condenses
nto the cold/molecular phase, where SF occurs. Stars evolve and 
eturn gas, metal, and dust into the diffuse phase. Finally, mechanical 
eedback due to SN explosions and AGN eject gas from the diffuse
nd condensed phases, following the description provided in Section 
.4 . Metal and dust enrichment in the two-phase ISM is described
y a system of differential equations, which relies on mass- and
etallicity-dependent metal and dust yields and follows the release 

f nucleosynthetic products on the stellar characteristic lifetimes. We 
efer the interested readers to Valiante et al. ( 2014 ) and de Bennassuti
t al. ( 2014 ) for a thorough description of the chemical evolution
odel implemented in CAT. 

.6 Photoionizing emission and reionization 

AT follows the formation of the first stars and BHs across cos-
ic epochs in our galaxy sample. Therefore, we can investigate 

he relative contribution of different classes of sources to cosmic 
eionization. In particular, at different redshifts, we can compute the 
hotoionizing emissivities from Pop II stars, Pop III stars, and early
ccreting BHs evolving in each galaxy of our sample. 

For Pop III stars, we compute the photoionizing emission rate ṅ γ
rom the mass-dependent emissivities tabulated by Schaerer ( 2002 ) 
or zero-metallicity stars with no mass loss. For Pop II stars, we adopt
he metallicity- and age-dependent intrinsic emissivities computed 
sing Bruzual & Charlot ( 2003 ) population synthesis model. To com-
ute the emission rate of ionizing photons from early accreting BHs,
e model their spectral energy distribution (SED) as a multicolour- 
isc spectrum up to energies of kT max ∼ 1 keV ( M BH 

/ M �) −1 / 4 plus
 non-thermal power-law component L ν ∝ ν−α with α � 2 at higher
nergies (Shakura & Sunyaev 1973 ). 

Two additional effects need to be considered in order to model
osmic reionization: (i) only a fraction of the ionizing photons 
mitted will escape the galaxy and reach the outer medium, and
ii) the IGM density increases its inhomogeneity with time, leading 
o higher gas opacity to ionizing photons, and to a slower reionization
rocess. These effects are usually modelled with two parameters that 
re still poorly constrained by theoretical models and observations; 
he escape fraction, f esc , that is, the fraction of ionizing photons that
re able to escape the galaxy, and the clumping factor, C , which
uantifies the increased clumpiness of the IGM. 
Starting from the source emissivities, these two additional pa- 

ameters allow us to predict the redshift evolution of the volume
lling factor of ionized hydrogen, Q H II . Several works showed that
 decreasing trend with redshift of f esc is required to simultaneously
ccommodate the production rate of ionizing photons associated 
ith SF and the available constraints on the IGM electron scattering
ptical depth τ e . Therefore, following Dayal et al. ( 2020 ), we assume
 redshift-dependent escape fraction for ionizing photons emitted by 
op II and Pop III stars: 

 esc , ∗( z) = f 0 [(1 + z) / 5] β, (9) 

here we choose f 0 = 0.03 and β = 1.5, such that f esc varies between
3 per cent –35 per cent for z = 4–24. The range of values assumed
MNRAS 529, 3563–3581 (2024) 
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or the galaxy escape fraction is in broad agreement with empirical
onstraints obtained from early JWST observations. Recent results
y Mascia et al. ( 2023 ), based on a sample of 24 lensed galaxies
t 4.5 < z < 8, suggest typical mean values of f esc ∼ 0.10, while
chaerer et al. ( 2022 ) find smaller values, f esc ∼ 0.03–0.08, for three
ystems at z ∼ 8. For the AGN ionizing emission, instead, we make
he assumption that the fraction of unobscured AGNs can be used as
 tracer of the escape fraction (Ricci et al. 2017 ; Dayal et al. 2020 ).
herefore, following Ueda et al. ( 2014 ), we adopt a luminosity-
ependent parametrization: 

 esc , AGN ( L X ) = min 
[
f max , max [ f 0 − β( log ( L X − 43 . 75)) , f min ] 

]
, (10) 

ith f max = 0.84, f min = 0.20, f 0 = 0.73, β = 0.24, and L X is the
GN X-ray luminosity in the [2 − 10] keV energy band (for further
etails, see Trinca et al. 2022 ). 
For the IGM clumping, we rely on the parametrization proposed

y Iliev, Scannapieco & Shapiro ( 20 05 ), and we adopt the following
edshiftdependent clumping factor: 

( z) = 17 . 6 e −0 . 10 z+ 0 . 0011 z 2 . (11) 

he time evolution of the volume filling factor for ionized hydrogen,
 H II , can be written as (Barkana & Loeb 2001 ): 

˙
 H II = f esc ṅ γ /n H − αB C n H (1 + z) 3 Q H II , (12) 

here ̇n γ is the total emission rate of ionizing photons per unit volume
omputed summing o v er all the available sources, n H = X H n IGM 

s the number density of the h ydrogen g as in the IGM, X H is the
ydrogen mass fraction, n IGM 

is the IGM gas number density, and
B = 2 . 6 × 10 −13 cm 

3 s −1 is case-B hydrogen recombination rate.
rom Q H II ( z), we can compute the IGM optical depth to electron
cattering τ e ( z) as: 

e ( z) = 

∫ z 

0 
n e ( z 

′ ) σT c 

∣∣∣∣ d t 

d z ′ 

∣∣∣∣ d z ′ , (13) 

here σT = 6 . 65 × 10 −25 cm 

2 is the Thomson cross-section, c is the
peed of light, and n e ( z ′ ) is the mean electron number density at z ′ ,
hich can be written as: 

 e ( z 
′ ) = Q H II ( z 

′ ) n 0 , B X H (1 + z) 3 , (14) 

here n 0 , B = 2 . 51 × 10 −7 cm 

−3 is the mean baryon number density
t z = 0. 

 G L O BA L  OBSERVATIONA L  C O N S T R A I N T S  

n this section, we first describe the redshift evolution of the
omoving SFRD predicted by the model. Then, we show the
redicted redshift evolution of the hydrogen ionizing emissivity and
eutral hydrogen fraction, and how these compare with available
bservational data. 

.1 Star formation history 

n the upper panel of Fig. 3 we show the SFRD evolution predicted
y CAT at z > 4. The red solid line represents the total SFRD,
hile the dashed and dashed–dotted red lines indicate the SFRD for
alaxies with intrinsic UV magnitude M UV smaller, that is, brighter,
han −17.0 and −18.0, respectively (see also Trinca et al. 2022 ).

e compare our results with observational constraints by Bouwens
t al. ( 2012 , 2014 ), Ellis et al. ( 2013 ), and Merlin et al. ( 2019 ), and
ith recent JWST data at z � 10 (Bouwens et al. 2023 ; Donnan et al.
023 ; McLeod et al. 2024 ; Harikane et al. 2023b ). We also show
he empirical relations proposed by Madau, Haardt & Dotti ( 2014 )
NRAS 529, 3563–3581 (2024) 
xtrapolated to z > 6 (grey dashed–dotted line) and the constant
F efficiency model by Harikane et al. ( 2023b , maroon dotted line).
n the redshift range 4 < z < 10, CAT predictions for the total
FRD are in good agreement with data from Merlin et al. ( 2019 ),
ho estimated the contribution of high-redshift passive galaxies to

he global SFRD during their phase of activity. It is also consistent
ith the SFRD estimated from ALMA large surv e ys, in particular

rom ALPINE data by Khusanova et al. ( 2021 ) and Gruppioni et al.
 2020 ), and from REBELS data by Algera et al. ( 2023 ), and it is in
ery good agreement with the SFRD inferred from gamma-ray burst
bservations, which are sensitive to both obscured and unobscured SF
Kistler et al. 2009 ; Robertson & Ellis 2012 ). Conversely, the SFRD
erived from the rest-frame UV luminosity are better reproduced
y CAT when only the contribution of the sources brightest than
 UV � −17.0 is considered (Trinca et al. 2022 ). We stress that

he total SFRD computed with CAT accounts for both intrinsically
aint objects and for obscured sources, which are better traced by
est-frame far-infrared observations. 

.2 Pop III star formation history 

n the lower panel of Fig. 3 , we also show the predicted SFRD for
op III stars (solid orange line). The Pop III SFRD predicted by CAT

s characterized by an initial steep rise at z � 22, and then declines to
ollo w a relati vely flat e volution. Indeed, despite the scatter due to the
ntrinsic burstiness of Pop III SF, we find an almost constant SFRD of

10 −4 M � yr −1 Mpc −1 o v er the redshift range 10 � z � 20, below
hich the ISM metal enrichment of galaxies causes Pop III SF to
ecome progressively rarer. In Fig. 3 , we also show the Pop III SFRD
redicted by high-resolution (Jaacks, Finkelstein & Bromm 2019 ;
iu & Bromm 2020 ; Skinner & Wise 2020 ) and large-scale (Venditti
t al. 2023 ) hydrodynamical simulations, and the results of the semi-
nalytical model by Visbal, Bryan & Haiman ( 2020 ). Orders of mag-
itude differences are found between different studies. In particular,
he mass resolution and scale of the simulations significantly affect
he predicted SFRD at early times, where semi-analytical models
nd small-scale hydrodynamical simulations better resolve the large
opulation of star forming minihaloes (Skinner & Wise 2020 ; Visbal
t al. 2020 ). Further discrepancies can be ascribed to the different
reatment of radiative feedback, which can be implemented subgrid
r properly accounted for by adopting a full radiative transfer scheme
Maio et al. 2016 ; Xu et al. 2016 ). Likewise, the implementation
f chemical evolution can vary among different studies, with only
ew models adopting mass and metallicity-dependent stellar yields
nd accounting for the presence of cosmic dust. Finally, distinct
ssumptions are made in different simulations regarding the Pop
II stellar IMF and the critical metallicity threshold for Pop II SF
see e.g. Venditti et al. 2023 , for a detailed discussion). CAT results
ppear to be in broad agreement with high-resolution simulations
Jaacks et al. 2019 ; Skinner & Wise 2020 ), which tend to predict
arger SFRDs, especially in the redshift range 10 < z < 20. This

ight be related to the ability of resolving Pop III SF in small
M minihaloes, which are generally below the resolution threshold
f large-scale simulations (Sarmento & Scannapieco 2022 ; Venditti
t al. 2023 ). Interestingly, the Pop III SFRD predicted by CAT is in
ery good agreement with the predictions of Skinner & Wise ( 2020 )
own to z ∼ 12, below which their SFRD quickly decreases, due
o the strong impact of LW radiation inside the simulated 1 Mpc 3 

omoving box. The high Pop III SFRD predicted by CAT at z >
2 is a consequence of the lack of self-regulation in the early star-
orming regions hosted by the first minihaloes. The description of
op III SF in these systems implemented in CAT accounts for the
tochasticity in their IMF, and the population is evolved over the
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Figure 3. Evolution of the global (PopIII + PopII, upper panel) and PopIII-only (lower panel) SFRD as a function of redshift. In the upper panel, CAT 

predictions illustrate the total SFRD (solid red lines) and the SFRD of UV-bright sources with M UV < −17 (red dashed line) and M UV < −18 (red dashed–
dotted line). The SFRD inferred from observations sampling the rest-frame UV luminosity are taken from Bouwens et al. ( 2012 , 2014 ), Ellis et al. ( 2013 ), and 
Schenker et al. ( 2013 ) and from recent JWST data (Bouwens et al. 2023 ; Donnan et al. 2023 ; McLeod et al. 2024 ; Harikane et al. 2023b ). In addition, we also 
sho w the SFRD deri ved by (Merlin et al. 2019 ) from the SFRHs of passive galaxies during their active phase, by ALMA large surv e ys (Gruppioni et al. 2020 ; 
Khusanova et al. 2021 ; Algera et al. 2023 ), and by gamma-ray bursts observations (Kistler et al. 2009 ; Robertson & Ellis 2012 ), which are sensitive to both 
obscured and unobscured SF. Finally, we also show the extrapolation of the empirical models by Madau et al. ( 2014 ) and the constant SF efficiency model by 
Harikane et al. ( 2023b ). In the lower panel, we compare the Pop III SFRD predicted by CAT with independent theoretical models by Jaacks et al. ( 2019 ), Liu & 

Bromm ( 2020 ), Skinner & Wise ( 2020 ), Visbal et al. ( 2020 ), and Venditti et al. ( 2023 ). F or illustrativ e purposes, we also report CAT predictions for the global 
and PopIII-only SFR density with fainter colours in the lower and upper panels, respectively. 
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ypical lifetimes of the more massive stars formed; these masses 
re generally smaller in minihaloes than in Lyman-alpha cooling 
aloes (see Fig. 2 ), as a result of the reduced gas mass available
or SF. Because of this, mechanical feedback acts on longer time- 
cales. Once feedback becomes efficient, SF begins to self-regulate, 
s indicated by the descending trend of the SFRD at z � 22, only
20 Myr after the first star-forming episodes at z = 24. Different

ssumptions are made in other semi-analytical models. For instance, 
n the work by Visbal et al. ( 2020 ), a constant time delay of 10 Myr is
ssumed after the first episode of Pop III SF before subsequent metal-
nriched SF can occur, to account for the gas reco v ery time after SN
xplosions. This different treatment of Pop III SF can account for the
arge discrepancy in the predicted SFRD at very early times, before 
tellar feedback starts to efficiently self-regulate the SF process, 
eading to much closer trends at z � 20. 

.3 Cosmic reionization 

n Fig. 4 , we illustrate the reionization history predicted by CAT,
ith the relative role played by different sources of ionizing photons. 

n the upper panel, we show the evolution in redshift of the global
hotoionizing emissivity, that is, the rate of ionizing photons injected 
nto the IGM by the entire galaxy population. Different coloured 
ines represent the contribution of Pop II stars (solid brown), Pop
II stars (solid yellow), and AGNs (blue dashed), which we assume
o include the entire population of early accreting nuclear BHs. For
ll sources, the intrinsic photon rates are corrected for the adopted
scape fractions (equation 9 for Pop II and Pop III stars and equation
0 for AGNs). 
The emissivity of Pop III stars initially rises quickly and 

eaks at z ∼ 20, to remain then almost constant with ṅ γ, PopIII ∼
0 49 –10 50 s −1 Mpc −1 , closely tracing the Pop III SFRD evolution,
own to the last few episodes of Pop III SF at z ∼ 10. The contribution
f Pop II stars shows a smooth increase from z ∼ 23 to ∼ 12, below
hich it slowly declines, despite the increasing trend of the Pop

I SFRD, as a consequence of the decrease in the escape fraction
 esc ( z). The parametric evolution of f esc ( z) described by equation ( 9 ),
ranslates into values of f esc � 0.04, 0.10, and 0.25 at z = 5, 10,
nd 20, respectively. Despite the large uncertainties that still affect 
bservational constraints, these values are consistent with recent 
esults (Schaerer 2002 ; Finkelstein et al. 2019 ; Naidu et al. 2020 ;

ascia et al. 2023 ), which suggest a global averaged escape fraction
etween 5 per cent − 10 per cent at z < 10, and a rising emissivity
MNRAS 529, 3563–3581 (2024) 
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M

Figure 4. Upper panel: global photoionizing emissivity as a function of 
redshift. Bro wn solid, yello w solid, and blue dashed lines represent the 
contribution of PopII stars, PopIII stars and unobscured AGN, respectively, 
to the global emissi vity. We sho w as a reference the empirical constraints 
proposed by Kuhlen & Faucher-Gigu ̀ere ( 2012 , grey data points), Becker & 

Bolton ( 2013 , pink-shaded region), Becker et al. ( 2021 , green data points), 
and the recent estimates of the AGN contribution obtained by Harikane 
et al. ( 2023a , light blue circles). Central panel: evolution of the IGM neutral 
hydrogen fraction as a function of redshift. CAT predictions are compared to 
a compilation of observational constraints presented in Bolan et al. ( 2022 ), 
and obtained through different tracers, such as the evolution of Lyman- α
equi v alent width (Bolan et al. 2022 , stars), Lyman- α LF (Morales et al. 2021 , 
pentagons), the dark pixel fraction in the Ly- α and Ly- β forest (McGreer et 
al. 2015 , circles), and quasar damping wings (Davies et al. 2018 ; Greig et al. 
2019 ; Wang et al. 2020 , diamonds). Bottom panel: predicted evolution of the 
Thomson scattering optical depth as a function of redshift, compared with 
constraints obtained by the Planck cosmological surv e y (Planck Collaboration 
XIII 2016 ; Planck Collaboration VI 2020 ). 

w  

i  

d  

S  

F  

o  

h  

p

 

p  

c  

M  

g  

e  

a  

h  

a  

s  

I
 

p  

o  

a  

p  

A  

f  

b
 

h  

c  

g  

b  

B  

L  

a  

B  

p  

o  

I  

8  

>  

I  

(  

r  

a  

r  

z  

I  

d
 

s  

b  

f  

w  

0

4

I  

a  

e  

n  

l  

a  

m  

t  

a  

w  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3563/7623041 by guest on 05 O
ctober 2024
ith increasing redshift throughout the epoch of reionization. It is
nteresting to note that the Pop II emissivity starts to significantly
ominate o v er the Pop III contribution only at z � 16, when the
FRD of Pop III stars is already ∼ 2 dex below the Pop II one (see
ig. 3 ). This is a result of the different stellar IMF and metallicity
f the two populations, with massive and very massive Pop III stars
aving much harder spectra and higher ionizing photon emissivities
er unit stellar mass. 
NRAS 529, 3563–3581 (2024) 
In our reference model, stars are the primary source of ionizing
hotons in the IGM. At z � 15, the BHs hosted in galaxy nu-
lei are descendants of light seeds, with typical initial masses of
 BH � 10 3 M �. Their mass growth proceeds in the Bondi–Hoyle

as accretion regime, and is highly inefficient, as shown in Trinca
t al. ( 2022 ). As a consequence, the first accreting BHs at z > 15
re intrinsically faint sources of photoionizing radiation. At z � 15,
eavy BH seeds form, with masses M BH = 10 5 M �, and their gas
ccretion is more efficient. As a result, the AGN ionizing emissivity
tarts to increase, but remains subdominant with respect to the Pop
I stellar emission down to z ∼ 5. 

In the redshift range 4 < z < 6.1, the photoionizing emissivity
redicted by CAT is in good agreement with the empirical constraints
n the ionizing UV background obtained by Becker & Bolton ( 2013 )
nd Becker et al. ( 2021 ), with unobscured AGNs (blue dashed line)
roviding the dominant contribution only at z < 5. The predicted
GN emissivity appears to be consistent with the recent estimates

rom Harikane et al. ( 2023a ), based on the first census of 10 faint
road-line AGNs at z ∼ 4–7 detected in early JWST observations. 
In the central panel of Fig. 4 , we show the IGM fraction of neutral

ydrogen, x H I = 1 − Q H II , predicted by CAT (red solid curve),
ompared with empirical constraints presented by Bolan et al. ( 2022 ,
rey data points) and obtained with different inference methods,
ased on Lyman-break galaxy (LBG) samples (Morales et al. 2021 ;
olan et al. 2022 ), constraints from the dark pixel fraction in the
 y- α and L y- β forest (McGreer, Mesinger & D’Odorico 2015 ),
nd quasar damping wings (Davies et al. 2018 ; Greig, Mesinger &
a ̃ nados 2019 ; Wang et al. 2020 ). We find that the ionization
rocess is complete around z ∼ 5.5, in agreement with the end
f the reionization epoch expected from observational constraints.
n addition, we find a good agreement with observations at z �
, although it is important to notice that empirical estimates at z
 7 are inferred from different tracers and show a large scatter.

n particular, analysis based on damping wings of bright quasars
Davies et al. 2018 ) suggest a lower neutral fraction at z ∼ 7.5 with
espect to estimates obtained from LBG samples, and are in closer
greement with CAT predictions. These uncertainties in the higher
edshift range will impro v e with forthcoming deep JWST surv e ys at
 = 7–10, which will put tighter constraints on the evolution of the
GM neutral fraction with combined photometric and spectroscopic
ata. 
Finally, the lower panel of Fig. 4 shows the evolution of the electron

cattering optical depth τ e , compared to recent constrains obtained
y the Planck cosmological surv e y and, in particular, with the results
rom Planck Collaboration VI ( 2020 ). We find a value τe , CAT = 0 . 067,
hich is consistent within 2 σ with the Planck estimates τe , Planck =
 . 054 ± 0 . 007. 

 PREDI CTI NG  G A L A X Y  U V  EMI SSI ON  

n the previous sections, we showed that CAT model predictions
ppear to be consistent with current constraints on the redshift
volution of the SFRD and the history of cosmic reionization. The
atural extension of this analysis is therefore to characterize the
uminosity distribution of the population of high-redshift galaxies,
nd follow its evolution in time. In what follows, we present CAT
odel predictions for the galaxy UV LF at 4 ≤ z ≤ 16, considering

he contribution of stellar populations – including Pop III stars-, BH
ccretion, and the effects of a gradual change in the stellar IMF
ith redshift and metallicity, as suggested by recent hydrodynamical

imulations (Chon et al. 2021 , 2022 ). 
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Figure 5. Predicted values of τdust (left axis) and A UV (right axis) as a 
function of the halo mass (left panel) and UV magnitude (right panel). The 
properties of the galaxy population predicted by CAT at z > 10 (blue circles) 
are compared with the results obtained for high- z galaxies observed with 
JWST by Castellano et al. ( 2023 ), Furtak et al. ( 2023 ), and Robertson et al. 
( 2023 ). As a reference, we also show with grey data points the values predicted 
by CAT for the galaxy population at all redshifts. 
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.1 Galaxy UV luminosity function at 4 ≤ z ≤ 16 

or this study, we improve our modelling of the total UV emission
rising from each galaxy with respect to what has been presented 
n Trinca et al. ( 2022 ), where the galaxy intrinsic UV luminosity
as obtained from the SFR adopting a standard conversion factor 

Madau & Dickinson 2014 ). 
We compute the UV luminosity of each galaxy, L UV, ∗, by summing

 v er the emission of its active stellar populations, adopting age and
etallicity-dependent SEDs, as explained in Section 2.6 . Following 
ancini et al. ( 2016 ), we account for dust obscuration by correcting

he galaxy UV luminosity as: 

 UV , obs = L UV exp [ − gas D k UV ] , (15) 

here  gas = M gas /πr 2 d is the gas surface density within a radius
 d = 0 . 18 r vir (Mo, Mao & White 1998 ), D the dust-to-gas mass
atio, and k UV is the extinction coefficient per unit mass in the energy
and of interest. The value of k UV has been inferred considering 
he e xtinction curv e of the Small Magellanic Cloud (Weingartner &
raine 2001 ). Since CAT is able to track the fraction of the ISM that

esides in the warm/hot diffuse medium (see Section 2.5 ), we assume
ere a simple screen model, where the optical depth is computed 
onsidering the contribution of the diffuse gas and dust mass inside 
he galaxy. Ho we ver, this modelling may appear o v ersimplified if
ompared to more sophisticated two-phase dust extinction models 
see e.g. Mancini et al. 2016 ), and may underestimate the impact of
ust obscuration. Indeed, the increased compactness of high-redshift 
alaxies would result in lower values of r d , leading to a larger column
ensity and dust optical depth. At the same time, while here we
ssume every galaxy to form a disc, these early systems are expected
o show more complex morphologies and dust distributions, with UV 

ark and bright regions within the same system. For these reasons,
he dust obscuration provided by our model has to be considered as an
v erage o v er systems with comparable halo masses, but very likely
if ferent relati ve stellar/dust geometries and dust optical depths. In
ig. 5 , we show the attenuation predicted by CAT (grey points) as a
unction of the host halo mass (left panel) and UV magnitude (right
anel), highlighting the systems at redshift z > 10 (blue points).
hen compared with the extinction values derived by Castellano 
t al. ( 2023 ), Furtak et al. ( 2023 ), and Robertson et al. ( 2023 ) for
 sample of high-redshift galaxies observed with JWST at z � 9,
e see that – despite representing a lower limit to the potential dust
bscuration – our simplified approach predicts a range of values 
onsistent with the observations. 

In Fig. 6 , we show the predicted evolution of the galaxy UV
F in the redshift range 4 ≤ z ≤ 16. Here, we only consider the
V luminosity coming from stellar emission, L UV, ∗ (i.e. we do 
ot consider the additional contribution to the UV emission from 

ccreting BHs). At z > 10, given the restricted number of sources
urrently observed and the potential uncertainties in their redshift 
etermination, we decided to show the galactic LF predicted by CAT
v eraged o v er three redshift ranges 10 < z < 11, 12 < z < 13, and
4 < z < 16. 
CAT results are compared to several observational data (see 

arikane et al. 2023b , and references therein), including results com-
ng from JWST observations (Finkelstein et al. 2022 ; Castellano et al.
023 ; Donnan et al. 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Robertson
t al. 2023 ; Adams et al. 2023a ; Harikane et al. 2023b , 2024 ). The
odel predictions are in good agreement with observational data in 

he redshift range z � 4–9. 
At z ∼ 10–13, the mild evolution observed in the galaxy LF is

ell reproduced by CAT, except for the bins of highest luminosity,
t M UV < −19, where, despite the large statistical uncertainties, 
he galaxy number density predicted by the model is smaller than
he value inferred by some observational studies. These, however, 
ho w significant v ariations, depending on the surv e yed area and
WST program considered, hinting to the potential presence of galaxy 
 v erdensities in some of these fields (Castellano et al. 2023 ), to the
ffect of cosmic variance (Yung et al. 2024 ; Adams et al. 2023b ), as
ell as to the possible contamination of low-redshift systems in the
hotometric samples (Naidu et al. 2022 ; Arrabal Haro et al. 2023 ;
avala et al. 2023 ). 
Finally, at z ∼ 14–16, CAT predictions are compared with the 

ecent constraints from Harikane et al. ( 2023b ) and Bouwens et al.
 2023 ), based on two candidate galaxies with estimated redshift
 1 = 16 . 25 + 0 . 24 

−0 . 46 and z 2 = 16 . 41 + 0 . 66 
−0 . 55 . At this very early epoch, the

odel predicts a number density of bright galaxies that appears to
e significantly lower with respect to what is suggested by JWST
bservations, with a number density of sources with M UV ∼ −20, 
hich is ∼ 1 . 2 dex lower than the best-fitting distribution obtained
y Harikane et al. ( 2024 ) assuming a Schechter function (see also
ig. 12 for a quantitative comparison). It has to be noted, though,

hat if the spectroscopic confirmation were to fa v our redshift values
n the lower bound of the uncertainty range, CAT predictions would
tand at ∼1 σ from the constraint proposed by Harikane et al. ( 2024 ).
n addition, we also show the best-fitting distribution obtained by 
arikane et al. ( 2023b ) at z ∼ 16, where they perform the analysis

onsidering only sources with a spectroscopic confirmation. Given 
he lack of any spectroscopically confirmed galaxy at z > 14,
he y e xtrapolated the best-fitting Schechter function obtained for 
 ∼ 9–12 toward higher redshift. In this case CAT predictions for
 UV ≤ −19 are consistent with the observed LF, which, ho we ver,

eeds to be interpreted as a lower limit. Hence, spectroscopic 
dentification of galaxy candidates observed at z � 14–16 will be
rucial to confirm the excess of UV bright sources compared to
urrent model predictions. CAT predictions are also compared with 
ecent observational constraints on the galaxy LF at M UV ∼ −18 by
obertson et al. ( 2023 ), based on the photometric detection of three
andidate galaxies at z > 13.5. Interestingly, the number density 
redicted by CAT is in good agreement with the data at these fainter
uminosities. 
MNRAS 529, 3563–3581 (2024) 
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Figure 6. Observable (obscuration-corrected) galaxy UV LF between z = 4 and 16. CAT predictions for the dust-corrected (black data points) and intrinsic 
(black dashed lines) distributions are compared with observational data from Oesch et al. ( 2018 , brown), Bowler et al. ( 2020 , pink), Bouwens et al. ( 2021 , blue), 
Bouwens et al. ( 2023 , red), Harikane et al. ( 2022a , 2023b , dark green), Harikane et al. ( 2024 , light green), Finkelstein et al. ( 2022, 2023 , cyan), Harikane et al. 
( 2022b , orange), Donnan et al. ( 2023 , magenta), Adams et al. ( 2023a , dark orange), Castellano et al. ( 2023 , violet), Robertson et al. ( 2023 , dark violet), and 
P ́erez-Gonz ́alez et al. ( 2023 , yellow). The figure shows that stellar emission can account for the observed UV luminosity evolution from z ∼ 4 to ∼ 10. At higher 
redshifts, similar to other standard galaxy formation models, CAT predictions fail to account for the UV bright end of the LF sampled by JWST observations. 
The grey-shaded area highlights the population of sources with M UV > −17, which contribute to the unresolved SFRD shown in Fig. 3 . In all panels, we show 

as a reference the UV LF predicted by CAT at z = 4 (solid grey lines) for an easier comparison with the distribution at higher redshift. In the lower panels, we 
also show the best-fitting distributions obtained by Bouwens et al. ( 2023 , z ∼ 10, 13, and 17, red lines) and Harikane et al. ( 2023b , z ∼ 9, 12, and 16, green 
lines), assuming a Schechter function (solid) or a double power-law (dashed) distribution. The light green dotted lines report instead the best fit of the LF at z ∼
9, 10, 12, and 16 obtained by Harikane et al. ( 2024 ) considering only galaxies with a spectroscopic confirmation. 
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To e v aluate the potential impact of dust obscuration in the
omparison between CAT predictions and observational constraints,
e o v erplot in Fig. 6 the intrinsic galaxy UV LF at different redshifts

s black dashed lines. It is clear how dust attenuation mostly affects
he range of luminosity co v ered by the galaxy population, while it
oes not affect the o v erall normalization of the distribution. Indeed,
nly the bright end of the LF in the lower redshift range, z � 7, is
ignificantly lowered when accounting for obscuration, and at z �
0 even the intrinsic distribution cannot reproduce the high number
ensity of bright galaxies observed by JWST . In the following section,
e will explore whether the contribution to the UV luminosity from

ccreting BHs can partially relieve the current tension between CAT
redictions and the bright end of the UV LF at z ∼ 14–16 derived from
hotometric candidates (Bouwens et al. 2023 ; Harikane et al. 2024 ).

.1.1 Evolution of the galaxy faint end 

n interesting prediction of the CAT model is the number density of
ources fainter than M UV = –17 at redshift z � 9, which appears
NRAS 529, 3563–3581 (2024) 
o be larger than the value obtained by extrapolating the faint
nd of the observationally estimated LF. This might be due to the
ncompleteness of the observed samples at these faint magnitudes,
r to a higher impact of dust attenuation (see e.g. Barrufet et al.
023 ). At the same time, it may point to a too efficient rate of SF
r to a too inefficient feedback in the galaxies populating the faint
nd of the galaxy UV LF at these epochs in our model. We also note
hat, at these faint magnitudes, the UV LF predicted by CAT shows
 very mild evolution between z ∼ 14–16 and z = 4, which can be
ppreciated in Fig. 6 by comparing the predicted LF at z > 4 with
he light grey solid line, which represents the LF predicted at z = 4.
his is an interesting prediction of the model, reflecting the interplay
f different physical processes during the evolution of fainter star
orming systems. To investigate more closely this low luminosity
egime, in Fig. 7 we show the predicted evolution in redshift of the
umulative number density of galaxies with −17 < M UV − 10. At
arly times, a progressive increase in the number density of faint
alaxies is observed down to z � 12. This reflects the widespread
vailability of gas in the early phases of galaxy evolution, and the
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Figure 7. Redshift evolution of the cumulative number density of galaxies 
with −17 < M UV − 10 predicted by CAT. 
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Figure 8. UV LF predicted by CAT for the AGN and galaxy population at 
redshift z = 5. Similarly to Fig. 6 , the galaxy LF is computed considering 
only the emission from stellar populations (the dotted line and grey-shaded 
re gion represent, respectiv ely, the best fit and 1 σ spread of the distribution), 
and it is compared with observations from Harikane et al. ( 2022a , empty grey 
squares). The AGN LF is shown by the black filled dots, and fitted with the 
black dashed line. This is compared to observations by McGreer et al. ( 2018 ), 
Parsa et al. ( 2018 ), Giallongo et al. ( 2019 ), Niida et al. ( 2020 ), and to the 
recent estimates based on JWST data by Kocevski et al. ( 2023 ), Harikane 
et al. ( 2023a ), Matthee et al. ( 2023 ), and Maiolino et al. ( 2023c ). CAT model 
predictions are in good agreement with available constraints at z = 5. 
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ncreasing fraction of faint galaxies hosting active Pop III stellar 
opulations (as it will be further discussed in Section 4.3 ), which can
oost the UV luminosity of less massive galaxies. At later times, the
umber density of faint galaxies remains almost constant, tracing a 
lateau which extends between 8 � z < 12. This behaviour reflects
he increasing importance of mechanical feedback due to SNe in 
egulating SF of less massive systems. In addition, the gradual build 
p of the Lyman–Werner background leads to a decrease in the SF
fficiency of minihaloes and, consequently, of the galaxy number 
ensity at the faint end. At z � 8, the number density starts to mildly
ecline, leading to a reduction in the number density of faint galaxies
f 50 per cent between z = 8 and 4. This effect is due to photoheating
f reionized regions, which prevents gas accretion onto minihaloes. 
he net result of this evolution is a faint-end slope of the UV LF
hich increases by � 1 dex from z ∼ 16 to z = 4. A similar mild

volution has been recently obtained also by Williams et al. ( 2023 ).
erforming detailed hydrodynamical simulations, they found that 
treaming velocities, that is, the supersonic relative motions between 
M and baryonic o v erdensities, hav e a strong impact in enhancing

he faint end of the LF at z ∼ 12, since the suppression of SF inside
mall haloes at very early times leads to brighter dwarf galaxies at
ater times. While this is an intriguing result on its own that needs
dditional analysis, in the following sections we primarily focus on 
he model predictions for the bright end of the galaxy LF, at M UV <

18. 

.2 Can BH accretion explain the UV luminosity function at z 
 10? 

n addition to stellar emission, we also account for the possible
ontribution of the UV luminosity emitted by the nuclear BH, 
 UV, AGN . In fact, for high-redshift systems, AGN contamination in 

he UV rest-frame emission might be significant (Pacucci et al. 2022 ), 
s we will analyse more in detail below. From the BH accretion rate
see equation 3 ), we estimate the BH bolometric luminosity as: 

 bol = εr Ṁ accr c 
2 , (16) 

nd then convert this into the UV luminosity relying on the bolometric 
orrection proposed by Duras et al. ( 2020 ), and assuming L ν ∝ ν−0.44 

as described in detail in Trinca et al. 2022 ). 
A thorough comparison between the AGN LF predicted by CAT 

n the UV and X-ray bands has been presented by Trinca et al.
 2022 ), finding a good agreement between our reference model 
rediction and the av ailable observ ational constraints. To provide 
n example, here we show in Fig. 8 the predicted AGN UV LF
t z = 5 (filled black data points and black dashed line). This is
ompared to observational constraints from McGreer et al. ( 2018 )
nd Niida et al. ( 2020 ) at the bright end ( M 1500 < −22), and from
arsa, Dunlop & McLure ( 2018 ), Giallongo et al. ( 2019 ), Kocevski
t al. ( 2023 ), Harikane et al. ( 2023a ), Maiolino et al. ( 2023c ), and
atthee et al. ( 2023 ) at the faint-end. We also show the galaxy UV

F predicted by CAT (the black dotted line and gre y-shaded re gion
epresent, respectively, the double power-law best fit and 1 σ spread 
f the distribution) and observed (empty grey squares, Harikane et al.
022a ). The comparison confirms that CAT model predictions are in
ood agreement with the observed galaxy and AGN UV LF at z =
, reproducing remarkably the surprisingly high number density of 
aint AGNs suggested by the most recent estimates based on JWST
ata (Greene et al. 2023 ; Matthee et al. 2023 ; Maiolino et al. 2023c ).
We then recompute the UV LF considering both emission from 

tars and accreting BHs, L UV, ∗ + L UV, AGN at z = 4–16, and estimate
he mean and maximum contribution of the AGNs to the total galaxy
mission in different ranges of magnitude. This is shown in Fig. 9 . 

At z = 4–9, the total (galaxy + AGN) UV LF predicted by CAT
s compared to the fit of the combined LF for both AGN and star-
orming galaxies derived by Finkelstein & Bagley ( 2022 ), finding
 good agreement. At z ≥ 10, we compare our predictions with
he best-fitting distributions proposed by Bouwens et al. ( 2023 ) and
arikane et al. ( 2024 ), also shown in Fig. 6 . On average, we find that

he contribution of accreting BHs to the galaxy UV luminosity is
egligible at these redshifts (see the filled histograms). At 10 � z �
5, during the formation epoch of heavy BH seeds, the AGN emission
ontrib utes on a verage to ∼ 1 per cent –3 per cent of the total UV
mission, with the largest contribution being at most � 10 per cent
n the brightest bins of magnitude, at M UV � −19 (see the empty
istograms). At even higher redshifts, z � 15, the AGN emission is
ven smaller, due to the stunted growth of light seeds predicted by
ur reference model (see Trinca et al. 2022 ). Considering the joint
V emission of stars and accreting BHs, we still find that the number
ensity of systems with M UV ∼ −20 predicted by CAT is ∼ 1 . 2 dex
MNRAS 529, 3563–3581 (2024) 
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Figure 9. Observable (obscuration-corrected) global UV LF (galaxy + AGN) predicted by CAT at z = 4, 5, 6, 7, 8, and 9 and in the redshift ranges 10 ≤ z ≤
11, 12 ≤ z ≤ 13, and 14 ≤ z ≤ 16 (from top left to bottom right). For each panel, we also show the mean (filled histograms) and maximum (empty histograms) 
AGN contribution to the total UV luminosity (galaxy + AGN) in each magnitude bin. In the upper panels, CAT predictions are compared with the compilation 
of observational data presented by Finkelstein & Bagley ( 2022 ) for the global UV LF. In the lower panels, we show instead the best-fitting distributions obtained 
by Bouwens et al. ( 2023 ) ( z ∼ 10, 13, and 17, red lines) and Harikane et al. ( 2023b , 2024 ) ( z ∼ 9, 10, 12, and 16, green lines) based on observational constraints 
on the UV LF at z � 9 coming from recent JWST data. 
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ower than the best-fitting distribution obtained by Harikane et al.
 2024 ) assuming a Schechter function, similarly to what was found
hen only stellar emission was considered. At the same time, model
redictions closely match the distribution obtained by Harikane et al.
 2023b ) considering only spectroscopically confirmed galaxies (see
ig. 12 ). 
At 7 � z � 10, we observe a growing impact of AGNs

o the total UV emission, with an a verage contrib ution between
 per cent − 20 per cent of the galaxy luminosity, and peaks
f maximum contribution reaching > 50 per cent of the total
mission, especially in the brightest luminosity bins. Finally, at
 < 7, we predict the AGN population to dominate the bright
nd of the total UV LF, accounting on average for 20 per cent −
00 per cent of the emission coming from systems brighter than
 UV − 22. The average AGN contribution decreases for fainter

alaxies, where it appears to be subdominant, though it might
NRAS 529, 3563–3581 (2024) 
till reach > 50 per cent of the total UV emission for specific
ystems. 

We thus find that the AGN contribution does not have a significant
mpact on the emission of z � 10 galaxies, and it cannot resolve
he discrepancy between model predictions and observations on the
umber density of bright sources with M UV < −19. Ho we ver, while
he AGN UV luminosity appears to be – on average – subdominant
n fainter high-redshift galaxies, detailed selection criteria applied to
eep JWST surv e ys (Trinca et al. 2023 ) might be able to identify
ystems hosting the brightest and more luminous BHs from the
eneral population (Goulding & Greene 2022 ; Nakajima & Maiolino
022 ; Volonteri et al. 2023 ), enabling to constrain their contribution
o the total LF. 

Recent works advocated for super-Eddington accretion to explain
he observed deviation from the local scaling relation M BH /M ∗ of the
opulation of high-redshift AGNs. This could be rele v ant to interpret
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he bright excess observed in the galaxy UV LF, since the presence
f BHs accreting very efficiently already at early epochs might in 
rinciple provide a higher contribution to the global emission of the 
ost galaxy with respect to what is shown in Fig. 9 . In a recent
ork (Schneider et al. 2023 ), we compared our model predictions 

or the population of accreting BHs with recent JWST observations 
f z > 5 AGNs for both an Eddington-limited and a super-Eddington
H growth scenario, where brief periods of enhanced accretion are 
ssumed to be triggered during major galaxy mergers. Both models 
re able to account for current observations of extreme BH candidates 
t z > 8, despite a super-Eddington accretion history predicts a 
ignificantly higher number density of massive systems at these high 
edshifts, and they both provide similar predictions for the bright 
nd of the AGN LF (see Trinca et al. 2022 ). Ho we ver, gi ven the
ypical short time-scales of the super-Eddington accretion phase, on 
he order of a few Myr, even in this alternative growth scenario it
s unlikely that accreting BHs will provide a significant boost to the
alaxy LF at early times. A more thorough study is ho we ver required
o support this conclusion and hence we defer a deeper analysis to a
uture work, where we will implement a more refined treatment of
he super-Eddington accretion mechanism to investigate its potential 
mpact on the o v erall galaxy evolution through cosmic time. 

.3 Can a top-heavy IMF explain the UV luminosity function at
z > 10? 

he UV emissivity of stellar populations is very sensitive to their 
MF, metallicity, and ages. Mason et al. ( 2023 ) argue that current z
 10 galaxies observed by JWST are dominated by systems with 

oung ages ( � 10 Myr) and high SFRs. Harikane et al. ( 2024 )
how that, for a given SFR, the UV luminosity from Pop III stars
haracterized by a top-heavy IMF is ∼3–4 times larger than that of
op II stars with a normal Salpeter-like IMF. Here, we first discuss
AT model predictions regarding the UV emission from Pop III 

tars, and then we estimate the potential effect on the galaxy UV
F of a more gradual transition from a top-heavy IMF for Pop III
tars to a standard, Salpeter-like IMF for Pop II stars, modulated by
etallicity and redshift, as suggested by recent numerical simulations 

f star cluster formation in low-metallicity environments resolving 
ndividual forming stars (Chon & Omukai 2020 ; Chon et al. 2022 ). 

.3.1 The role of Pop III stars: CAT model prediction 

AT models stellar populations in high-redshift galaxies depending 
n whether their initial metallicity is smaller or larger than the critical
etallicity Z cr . We therefore have an abrupt transition in the IMF,

rom a top-heavy IMF for Pop III stars ( Z < Z cr ) to a normal, Salpeter-
ike IMF for Pop II/I stars ( Z ≥ Z cr ). We have shown in Fig. 6 that,
ccording to CAT, stellar emission, including Pop III stars, cannot 
ccount for the o v erabundance of bright UV galaxies observed by
WST . To further clarify this point, in Fig. 10 , we report the fraction
f galaxies hosting active Pop III populations predicted by CAT at 
 = 10, 13, 15, 16, 17, and 20 (red histograms), together with the
orresponding galaxy UV LF at the same redshift. At 15 � z � 20, the
raction of galaxies hosting Pop III stars is al w ays relatively small,
nd progressively shifted to fainter luminosity bins. Interestingly, 
o we ver, we find that 10 per cent of some of the brightest systems
t z ∼ 17, with M UV ∼ −18 host active Pop III stars. This may be
scribed to a less efficient chemical feedback at these very early 
imes, where subsequent generations of Pop III stars form before 
he medium is enriched abo v e the critical metallicity, leading to a
ransition in the stellar IMF. The occurrence of active Pop III stars
nside bright and more massive galaxies might also be fa v oured by
ergers with smaller metal-free DM haloes, which are supposed to 

ccur with higher frequency at very high redshift. At z � 16, chemical 
eedback leads to a drop in the occupation fraction of active Pop III
tars, especially at the bright end of the distribution. At z ∼ 15 Pop
II populations survive only in fainter and less evolved galaxies, 
here the gas still maintains a pristine composition. In these smaller
aloes, Pop III SF is less efficient and leads preferentially to the
ormation of stars at the lower mass end of the Pop III IMF, which
volve on longer time-scales (see Fig. 2 ). Finally, below z ∼ 15 CAT
redicts a sharp transition in the brightest systems towards Pop II SF.
hereafter, Pop III stars continue to form only inside more pristine
nd fainter galaxies, with M UV � −10, despite a sustained Pop III
F survi ves do wn to z ∼ 10, where the rapid enrichment leads to a
omplete suppression of metal-poor SF, as shown in Fig. 3 . 

An important caveat of the current model is represented by the as-
umption of homogeneous metal enrichment and radiative feedback. 
arious techniques based on statistical descriptions of the DM halo 
istribution (Dijkstra, Ferrara & Mesinger 2014 ; Inayoshi et al. 2014 ;
alvadori et al. 2014 ; Sassano et al. 2021 ) or on N -body simulations

o reconstruct their spatial distributions and redshift evolution (see 
.g. Visbal et al. 2020 ; Hartwig et al. 2022 ; Spinoso et al. 2023 ;
entura et al. 2024 , for recent studies) have been developed to allow
emi-analytical models to account for these spatial inhomogeneities. 
ur model lacks this information, although the DM halo merger trees
enerated with GALFORM (Parkinson et al. 2008 ; Trinca et al. 2022 )
nables us to explore different overdensities, sampling at the same 
ime less- and more-evolved environments. 

In addition, small- and large-scale gas dynamics and turbulence 
ave been shown to be very important to allow the formation
f Pop III and Pop II stellar populations in different regions of
he same galaxy (Tornatore, Ferrara & Schneider 2007 ; Johnson, 
alla Vecchia & Khochfar 2013 ; Pallottini et al. 2015 ; Xu et al.
016 ; Sarmento, Scannapieco & C ̂ ot ́e 2019 ; Liu & Bromm 2020 ;
armento & Scannapieco 2022 ). Recent cosmological simulations 
y Venditti et al. ( 2023 ) show that Pop III SF might extend down
o z ∼ 6–8 in the outskirts of more metal-enriched galaxies. In
articular, they predict that active Pop III stars might survive in

10 per cent of massive galaxies with M ∗ ≥ 3 × 10 9 M � at z �
.7, although with a Pop III/Pop II mass fraction ≤0.1 per cent. This
uggests that Pop III stars formed in particularly unpolluted regions 
f standard main-sequence galaxies might survive below the redshift 
ange predicted by CAT, and in a larger fraction of galaxies. Ho we ver,
ven in this scenario, it is very unlikely that Pop III stellar systems
ill provide a significant contribution to the observed UV LF. The

ame numerical simulations show that the fraction in mass of Pop III
tars inside the galaxies which mostly contribute to the z > 10 LF
M ∗ ∼ 10 8 –10 11 M �) is between 10 −2 − 10 −4 . Pop III dominated
ystems are expected to have fainter luminosities (M UV � 11) and
ower stellar masses (see e.g. the recent observations by Vanzella 
t al. 2023 ; Maiolino et al. 2023b ). 

.3.2 A more gradual transition in the stellar IMF 

ecent high-resolution 3D hydrodynamical simulations of low- 
etallicity star-forming regions show that the metallicity-driven 

ransition in the stellar IMF might be smoother than predicted by
he critical metallicity scenario, and that a larger fraction of massive
tars than predicted by a standard Salpeter-like IMF persists up to a
etallicity of Z ∼ 10 −2 Z � (Chon et al. 2021 ). The main effect is due
MNRAS 529, 3563–3581 (2024) 
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Figure 10. Galaxy UV LF predicted by CAT at z = 10, 13, 15, 16, 17, and 20 (from top left to bottom right). Below each panel, the red histograms show the 
fraction of galaxies hosting active Pop III stellar populations in each bin of magnitude. Observational data follow the same colour-coding adopted in Fig. 6 . 

t  

t  

m  

c  

i  

o  

t  

m  

m  

t  

t  

r  

l
 

z  

b  

Z  

a  

f  

s  

a  

f  

m
 

s  

h  

b  

J  

e  

∼  

t  

c  

e
 

g  

g  

m  

T  

c
3

a

�

w  

b  

F  

b  

z  

I  

s  

C  

i  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3563/7623041 by guest on 05 O
ctober 2024
o the interplay between the cooling time-scale and the time-scale of
urbulence decay. When Z � 10 −2 Z �, SF begins after the turbulent

otion decays, and a single massive cloud core monolithically
ollapses to form a central massive stellar cluster; despite dust-
nduced fragmentation occurs at Z ≥ Z cr , promoting the formation
f low-mass stars m ∗ � 0 . 1 M �, the large gas accretion rate from
he circumstellar disc preferentially feeds the central massive stars,

aking the mass distribution top-heavy. When Z ≥ 0 . 1 Z �, efficient
etal-line cooling and collisions of the turbulent flows promote

he onset of SF in a highly filamentary gas structure. In this case,
he mass supply to the massive stars is limited by the local gas
eservoir and shared among the stars, leading to a standard Salpeter-
ike IMF. 

In addition, the larger temperature of the CMB radiation at
 � 10 suppresses cloud fragmentation and reduces the num-
er of low-mass stars in star-forming regions with metallicities
 � 10 −2 Z � (Schneider & Omukai 2010 ; Chon et al. 2022 ). As
 result, stellar populations with metallicity of Z ≤ 10 −2 Z � or
orming at z � 10 are expected to be characterized by a mass
pectrum consisting of a low-mass Salpeter-like component, peaking
t ∼ 0 . 1 M �, and a top-heavy component at � 10 M �, with the mass
raction in the latter increasing with redshift, and decreasing with
etallicity. 
While these results rely so far only on sophisticated theoretical

tudies, it is tempting to investigate their potential impact on the
igh- z galaxy UV LF, particularly given that galaxies are expected to
e more metal poor at high redshift. Indeed, galaxies observed with
WST at 4 < z < 9 have been found to be relatively young, with
stimated ages t ∗ < 30 Myr, and with metallicities in the range
NRAS 529, 3563–3581 (2024) 

K

0 . 04 –0 . 7 Z � (see Nakajima & Maiolino 2022 , and references
herein), and similar properties have been derived for galaxies
onfirmed to be at 10 � z � 13 (Curtis-Lake et al. 2023 ; Tacchella
t al. 2023a, b ; Bunker et al. 2023 ). 

To quantify the effect of a redshift-modulated stellar IMF on the
alaxy UV LF, here we take a simple approach and we assume that
alaxies populating the bright end of the galaxy UV LF at z ≥ 10 have
etallicities Z ∗ ∼ 0 . 1 Z � and stellar ages t ∗ ∼ 10 Myr. Following
anikawa et al. ( 2022 ), we model the transitional stellar IMF as a
omposition of a Kroupa IMF in the mass range 0 . 08 M � ≤ m ∗ ≤
00 M � (Kroupa 2001 ), 

� ( m ∗)d m ∗ ∝ 

{ 

m 

−1 . 3 
∗ for 0 . 08 M � ≤ m ∗ < 0 . 5 M �

m 

−2 . 3 
∗ for 0 . 5 M � ≤ m ∗ ≤ 300 M �, 

nd of a log-flat IMF for 10 M � ≤ m ∗ ≤ 300 M �, 

 ( m ∗) dm ∗ ∝ m 

−1 
∗ , 

ith a relative mass weight that depends on z and Z ∗ and that have
een obtained by fitting the simulations results of Chon et al. ( 2022 ).
or a metallicity of Z ∗ = 0 . 1 Z �, the weight of the log-flat IMF can
e expressed as w LF = 0.04 × ( z − 5) for z > 5 and it is w LF = 0 at
 ≤ 5, meaning that below this redshift all the stars follow a Kroupa
MF. Following Madau & Dickinson ( 2014 ), we use the flexible
tellar population synthesis code ( FSPS , Conroy, Gunn & White 2009 ;
onroy & Gunn 2010 ) to compute the conversion factor between the

ntrinsic specific luminosity at 1500 Å, L ν(FUV) (expressed in units
f erg s −1 Hz −1 ) and the SFR (in units of M � yr −1 ), 

 FUV = 

SFR 

L ν(FUV) 
, (17) 



The nature of z � 10 galaxies 3577 

Figure 11. Galaxy UV LF, as in Fig. 6 , but assuming the K FUV expected for a stellar population of 10 Myr with a transitional IMF, as described in the text. 
Black-shaded regions show how the predicted LFs are shifted towards higher luminosities with respect to the previous distribution. Observational data follow 

the same colour-coding adopted in Fig. 6 . 
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ssuming a constant SFR and our adopted transitional stellar IMF 

or Z ∗ = 0 . 1 Z �. At redshift z = (0 − 5, 10, 15, 20), we find
hat K FUV = (1 . 46 , 1 . 21 , 1 . 04 , 0 . 91) × 10 −28 for a stellar age of
 ∗ = 10 Myr, and K FUV = (1 . 12 , 0 . 96 , 0 . 90 , 0 . 81) × 10 −28 for t ∗ =
0 Myr. Hence, a stellar population with the same metallicity and 
ge is predicted to emit up to 1.4–1.8 times more FUV radiation per
nit SFR at z ∼ 20 than at z � 10. 
In Fig. 11 , we sho w ho w the predicted galaxy UV LF changes

hen applying to the Pop II stellar emission a correction for K FUV 

onsistent with a stellar population characterized by a composite 
MF . W e assume a boost in the luminosity of each galaxy of a
actor K FUV ( z) / K FUV , Kroupa , where K FUV , Kroupa = 1 . 46 × 10 −28 and
 FUV ( z) are the expected correction factors for, respectively, the 
roupa and the composite IMFs, assuming a stellar population 
f 10 Myr with Z ∗ = 0 . 1 Z �. We see how this correction impacts
ignificantly on the UV LF, especially at z � 9. In particular,
AT predictions are now consistent with observational constraints 

n the redshift ranges z ∼ 10–11 and ∼ 12–13. At z ∼ 14–
6, the model predicts number density of UV bright sources 
hat is still smaller than estimated from photometric candidates 
Harikane et al. 2024 ) and consistent with the lower limit inferred
rom the spectroscopic analysis (Harikane et al. 2024 ), but the 
ifference from their best-fitting model is now reduced to 0 . 5
nd 0 . 8 dex at, respectively, M UV � −19.5 and � −20.5 (see
ig. 12 ). 
(
Hence, by considering a gradual transition in the stellar IMF modu- 
ated by metallicity and redshift, we are able to reco v er a better match
ith the observational estimates of the number density of bright 

ources at z � 10. A minor discrepancy persists in the highest redshift
ange, z > 14, where the model predictions are also affected by large
tatistical uncertainties. In a future study, we plan to incorporate these
ew theoretical findings into a more sophisticated modelling of stellar 
opulations in CAT, as a transitional IMF that depends on metallicity
nd redshift not only affect the emissivity of the first galaxies, but it
lso changes the rate of SN explosion, hence the effects of mechanical
nd chemical feedback. In addition, it modifies the mass function 
f BH remnants, with interesting consequences on the BH seed 
opulations. 

.4 Quantifying the tension with JWST data 

e quantify the tension between the predictions of the model that
e hav e e xplored with current observations in Fig. 12 , where we

ompare the number density of galaxies with M UV ∼ −20 predicted 
y CAT (coloured histograms) in the redshift range z ∼ 10–11 (left
anel), z ∼ 12–13 (middle panel), and z ∼ 14–16 (right panel), 
ith the observational estimates of Bouwens et al. ( 2023 , horizontal

ed line) and Harikane et al. ( 2023b , horizontal green line), based
n photometric candidates, and with analysis of Harikane et al. 
 2024 , horizontal light green), based on spectroscopically confirmed 
MNRAS 529, 3563–3581 (2024) 
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Figure 12. CAT prediction for the number density of galaxies with M UV ∼ −20 in the redshift range z ∼ 10–11, ∼ 12–13, and ∼ 14–16. The different coloured 
histograms show the obtained values for the stellar-only galaxy LF (black bars), the total UV LF (stars + AGN, blue bars), and the galaxy LF corrected for a 
composite stellar IMF (orange bars). The horizontal lines represent the empirical estimates obtained from the best-fitting LFs of Harikane et al. ( 2023b , dark 
green) and Bouwens et al. ( 2023 , red), with the shaded regions showing the 1 σ error. The light green horizontal lines show instead the estimates based only on 
spectroscopically confirmed galaxies obtained by Harikane et al. ( 2024 ), which are represented here as lower limit of the galaxy number density. 
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alaxies. The values obtained from the photometric samples have
een estimated from the Schechter fits 4 of the LF at M UV � −20
eported in the original papers, with their associated errors. The
alue estimated from the spectroscopic sample is reported as a lower
imit. The three coloured histograms represent the number density
f sources predicted by CAT when the UV luminosity is computed
ccording to CAT reference model considering only the emission
rom stars (black) and from stars and accreting BHs (blue), while the
range histograms show the result of computing the stellar emission
ccording to a transitional IMF. As anticipated, considering the AGN
ontribution in addition to the stellar emission does not significantly
ncrease the number density of sources with M UV � −20 at z � 10.
AT reference model predictions are consistent with observations
t z � 10–11, but fall short by 0.8 dex at z � 12–13, and 1.2 dex
t z ∼ 14–16, compared to the values estimated by Harikane et al.
 2023b ), and by 1.8 dex at z � 12–13, and 2.7 dex at z ∼ 14–16,
ompared to the values estimated by Bouwens et al. ( 2023 ), while
eing consistent with the lower limit estimated by Harikane et al.
 2024 ) at z ∼ 14–16. Interestingly, the increase in the UV luminosity
redicted by a transitional IMF brings the model in agreement with
he observational estimate at z ∼ 12–13 by Harikane et al. ( 2023b ),
nd reduces the disagreement with their best-fitting value to 0.6 dex
t z ∼ 14–16, while the estimated values from Bouwens et al. ( 2023 )
re still 0.8 dex (2.1 dex) higher than the model predictions at z ∼
2–13 ( z ∼ 14–16). 

 C O N C L U S I O N S  

n this study, we have explored the contribution of Pop III/II stars
nd accreting BH seeds to the UV luminosity evolution at 4 ≤ z

20 using the CAT model. We first presented the predictions of
AT regarding the cosmic SF history and the contributions of the
rst galaxies and their nuclear BHs to cosmic reionization. We then
NRAS 529, 3563–3581 (2024) 

 In general, the LF are best fit assuming both a double-power-law and a 
chechter function, but due to the uncertainties in the measurements, the 
ifference between the two is small at z ∼ 9, and negligible at z ∼ 12 and 16 
arikane et al. ( 2023b ). 

g  

r  

b  

m  

c  

l

ompared the galaxy UV LF at 4 ≤ z ≤ 20 with available observa-
ions, from deep HST and JWST data, discussing the contribution of
mission from stars, including Pop III stars, and accreting BHs. We
nd that: 

(i) The model predicts a cosmic SF history dominated by UV faint
 M UV > –18) galaxies populated by Pop II/I stars. In the redshift range
 < z < 10, CAT predictions for the total SFRD are in very good
greement with data inferred from gamma-ray burst observations,
hich are sensitive to both obscured and unobscured SF (Kistler

t al. 2009 ; Robertson & Ellis 2012 ). Conversely, the SFRD derived
rom the rest-frame UV luminosity are better reproduced by CAT
hen only the contribution of the sources brightest than M UV � −18

s considered (Trinca et al. 2022 ). 
(ii) At 10 � z � 20, the formation of Pop III stars is strongly self-

egulated, their SFRD remains almost constant, and their contribution
o the total SFRD ranges from � 10 per cent down to � 0 . 5 per cent .
elow z ∼ 10, chemical feedback prevents further episodes of Pop

II SF. 
(iii) CAT predicts a cosmic reionization process consistent with

urrent observational constraints. Stars are the primary sources
f cosmic reionization, with 5 per cent − 10 per cent of ionizing
hotons escaping into the IGM at 5 ≤ z ≤ 10, in good agreement
ith recent results (Schaerer 2002 ; Finkelstein et al. 2019 ; Naidu

t al. 2020 ; Mascia et al. 2023 ). Due to their top-heavy IMF and
ower metallicity, Pop III stars dominate the emissivity down to z �
6. The AGN ionizing emissivity remains subdominant with respect
o the Pop II stellar emission down to z ∼ 5. 

Having satisfied these global constraints, we have investigated the
edshift evolution of the galaxy UV LF predicted by CAT, comparing
t with deep HST data and with recent JWST observations. We find
hat: 

(i) The stellar and AGN UV LFs predicted by CAT are in
ood agreement with observations at 5 � z � 9–10. At higher
edshift, CAT predicts a steeper faint-end slope than the observed
est-fitting LFs extrapolated at M UV > –18, suggesting that stars
ay form too efficiently, feedback may be too inefficient, or that

urrent observational samples may be still incomplete at these faint
uminosities. 
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(ii) When considering only the emission from stars, the UV LF 

redicted by CAT at the bright end shows a mild evolution at 10 � z

 13, consistent with observations, except for the highest luminosity 
ins, at M UV < −19, where the model seems to underestimate the
umber of bright objects, despite the large statistical uncertainties. 
e quantified this tension by comparing the number density of 
 UV ∼ −20 galaxies with recent JWST data, finding that the model 

redictions are consistent with observations at z � 10–11, but fall 
hort by 0.8 dex at z � 12–13, and 1.2 dex at z ∼ 14–16, compared
o the values estimated by Harikane et al. ( 2023b ), and by 1.8 dex
t z � 12–13, and 2.7 dex at z ∼ 14–16, compared to the values
stimated by Bouwens et al. ( 2023 ), while being consistent with the
ower limit estimated by Harikane et al. ( 2024 ) at z ∼ 14–16. 

(iii) Including the emission by AGNs does not affect these 
ndings. In fact, at z � 15, the AGN emission appears negligible,
ue to the stunted growth of light seeds predicted by our reference
odel (see Trinca et al. 2022 ). At 10 � z � 15, during the

ormation epoch of heavy BH seeds, the AGN emission contributes 
n average to ∼ 1 –3 per cent of the total UV emission, and their
argest contamination reaches � 10 per cent in the brightest bins of 

agnitude, at M UV � −19. Ho we ver , the A GN emission becomes
rogressively more important at lower redshift, with an average 
maximum) contribution of � 20 per cent ( > 50 per cent ) at 7 � z 

 10, and of 20 per cent − 100 per cent at z < 7 in systems with
 UV � −22. 
(iv) Metal-free and very metal-poor stellar populations might also 

ncrease the UV luminosity of galaxies at z � 10. Our results suggest
hat Pop III stars, with their harder emission spectra, contribute to 
he UV luminosity in up to ∼ 10 per cent of high-redshift systems at 
 � 16, while their contribution becomes significantly smaller with 
ecreasing redshift, due to the progression of metal enrichment. 
(v) Finally, we hav e e xplored the effects on the UV luminosities

f a more gradual transition in the stellar IMF, as suggested by recent
igh-resolution numerical simulations (Chon et al. 2021, 2022 ). We 
odel this transitional IMF as a superposition of a Kroupa and a

og-flat IMF, with a relative weight that depends both on redshift
nd on the initial stellar metallicity, Z ∗. Assuming a fixed value of
 ∗ = 0 . 1 Z � and a constant stellar age of t ∗ = 10 Myr, we find that
alaxies emit 30 per cent more UV photons per unit SFR at z � 10
nd 60 per cent at z � 20 than at z � 5, where a standard Kroupa
MF applies. When accounting for this effect, the number density of
 UV ∼ −20 galaxies predicted by the model is in agreement with 

he observational estimate at z ∼ 12–13 by Harikane et al. ( 2023b ),
nd reduces the disagreement with their best-fitting value to 0.6 dex 
t z ∼ 14–16, while the estimated values from Bouwens et al. ( 2023 )
re still 0.8 dex (2.1 dex) higher than the model predictions at z ∼
2–13 ( z ∼ 14–16). 

If the current tension between theoretical models and JWST 

bservations will consolidate on the basis of a larger sample of
pectroscopically confirmed galaxies at z � 10, this opens up the 
rospectiv e of e xploring the nature of the first sources that inhabit
arly galaxies, and to impro v e our understanding of the physical
rocesses that shape the assembly of cosmic structures at these 
emote cosmic epochs. 
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