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A B S T R A C T 

Observations with the JWST have revealed a high abundance of bright galaxies at redshift, z � 12, which has been widely 

interpreted as conflicting with the Lambda cold dark matter model. In Cowley et al., predictions were made – prior to the JWST 

observations – for the expected abundance of these galaxies using the Durham semi-analytic galaxy formation model, GALFORM , 
which is known to produce a realistic population of galaxies at lower redshifts including the present day. Key to this model is the 
assumption of a ‘top-heavy’ initial mass function of stars formed in bursts (required to explain the number counts and redshift 
distribution of submillimetre galaxies). Here, we compare the rest-frame ultraviolet luminosity functions derived from JWST 

observations with those predicted by the Cowley et al. model up to z = 14 and make further predictions for z = 16. We find that 
below z ∼ 10, the Cowley et al. predictions agree very well with observations, while agreement at z � 12 requires extending the 
model to take into account the time-scale for the growth of obscuring dust grains at these very early times and its dependence 
on gas metallicity. We trace the evolution of these galaxies from z = 14 to z = 0 and find that their descendants typically 

reside in haloes with a median mass 2 . 5 × 10 

13 h 

−1 M �. The stellar masses of the descendants range from 3 . 2 × 10 

6 h 

−1 M � to 

3 . 2 × 10 

11 h 

−1 M �. Although these galaxies were all central galaxies at z = 14, o v er half of their descendants end up as satellites 
in massive haloes. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

he Lambda cold dark matter ( � CDM) cosmological model, pro-
osed in the 1980s (Peebles 1982 ; Davis et al. 1985 ), has been
ingularly successful in accounting for a wide variety of observations
 v er a large range of scales, from the temperature structure of the
osmic microwave background radiation (e.g. Planck Collaboration
I 2020 ) to the luminosity function of the faint satellites of the
ilky Way (Bullock, Kravtsov & Weinberg 2000 ; Benson et al.

002 ; Somerville 2002 ). In some cases, such as the first of these
xamples, these were genuine theoretical predictions that preceded
he observations. 

In the � CDM model, galaxies form within dark matter haloes
hat evolve due to gravitational instability in the hierarchical way
ictated by the initial power spectrum of density perturbations
Frenk et al. 1985 ). Thus, the first galaxies form at high redshift
n haloes of relatively small mass which are, nevertheless, large
nough for atomic hydrogen to cool within them (White & Rees 1978 ;
lumenthal et al. 1984 ; White & Frenk 1991 ; Benitez-Llambay &
renk 2020 ). The JWST was designed to search for these early
alaxies. Detailed theoretical predictions for what the JWST was
xpected to find in deep galaxy surveys according to the � CDM
 E-mail: shengdong.lu@durham.ac.uk 
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odel were published by Cowley et al. ( 2018 ) several years before the
elescope was launched. That study presented the expected ultraviolet
uminosity functions (UVLFs) in the JWST bands at high redshift,
rom z = 7 to z = 16, as calculated using the GALFORM semi-analytic
odel of galaxy formation (Cole et al. 2000 ; Lacey et al. 2016 ).
ther predictions followed, using semi-analytic models (e.g. Yung

t al. 2019 ) or cosmological hydrodynamical simulations (e.g. Ma
t al. 2019 ; Vogelsberger et al. 2020 ). 

Soon after the launch of JWST , a spate of papers was published
laiming the detection of galaxies at very early times based on
hotometric redshifts. F or e xample Donnan et al. ( 2023 ) claimed to
av e disco v ered a galaxy at a record redshift of z = 16 . 4 (CEERS-
3316), only for the subsequent measurement of a spectrum to show
hat this galaxy is actually at z = 4 . 91 (see also Zavala et al. 2023 ;
arikane et al. 2024 ). Similarly, Harikane et al. ( 2023 ) claimed to
ave found a galaxy at z = 16 . 41 (S5-z16-1) which, ho we ver, as
he authors themselves pointed out, has a spectral line detected by
tacama Large Millimeter/submillimeter Array (ALMA), placing it

t z = 4 . 61 (Fujimoto et al. 2023 ). Nevertheless, a number of the
igh-redshift candidates have been spectroscopically confirmed to
ave z > 11 (e.g. Arrabal Haro et al. 2023 ; Castellano et al. 2024 ;
ainline et al. 2024 ; Harikane et al. 2024 ; Zavala et al. 2024 ). 
Several of these early studies published UVLFs at high redshift,

ased mostly on photometric redshifts (e.g. Bouwens et al. 2023 ;
onnan et al. 2023 ; Finkelstein et al. 2024 ; Harikane et al. 2023 ;
© 2024 The Author(s). 
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orishita & Stiavelli 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Robertson
t al. 2024 ; Willott et al. 2024 ). Most of these papers claimed that
he inferred UVLFs were inconsistent with � CDM. For example 
inkelstein et al. ( 2024 ) say: ‘With this sample we confirm at
igher confidence early JWST conclusions that bright galaxies in 
his epoch are more abundant than predicted by most theoretical 

odels’. Similarly, Labb ́e et al. ( 2023 ) state that ‘... these stellar mass
ensities are difficult to realize in a standard � CDM cosmology...’. 
nfortunately, all these papers o v erlooked the pre-existing � CDM
redictions. 
Boylan-Kolchin ( 2023 ) published a simple calculation based on 

he mass function of dark matter haloes which he compared to the
tellar mass function inferred by Labb ́e et al. ( 2023 ). Boylan-Kolchin
ound that the baryons in haloes would have turned into stars with
n efficiency that has, implausibly, to be close to 1 (compared to ∼5
er cent–10 per cent in the Milky Way, e.g. Eke et al. 2005 ) in order
o match the data, leading him to conclude that there is a tension
ith the � CDM model. This comparison is not trivial because it

s the broad-band spectral energy distribution (SED), not the stellar 
ass, that is observed, and inferring the stellar mass from the SED

equires making assumptions that are highly uncertain (e.g. regarding 
he initial mass function and dust obscuration). A similar conclusion 
as reached from a similar calculation by Lo v ell et al. ( 2023 ) who

tressed the limitations due to the uncertainties in the stellar masses
nd redshifts of the JWST galaxies. Indeed, Steinhardt et al. ( 2023 )
howed that using a new set of templates [including a varying – initial
ass function (IMF)] to fit the SED, the inferred stellar masses of
abb ́e et al. ( 2023 ) are reduced by a factor of 10–50. Chworowsky
t al. ( 2024 ) analysed JWST data for a sample of galaxies at z = 4 − 8
nd, using a similar argument to that of Boylan-Kolchin ( 2023 ),
oncluded that while the abundance of galaxies at z ∼ 5 could be
ccounted for within � CDM assuming a conv entional efficienc y of
aryon conversion into stars ( ∼0.14), the efficiency would again have 
o become implausibly large at higher z unless their inferred stellar

asses had been significantly o v erestimated. 
Two studies have attempted to compare the JWST high-redshift 

ata with physically based models in the � CDM cosmology. Kannan 
t al. ( 2023 ) used the L = 740 Mpc MillenniumTNG hydrodynamic
imulation (scaled to match galaxy properties from smaller -v olume, 
igher resolution simulations) to study the properties of galaxies at 
 > 10, including UVLFs. They found broad agreement with the 
ata up to z = 10 but for z = 10–12, they require the model galaxies
o be dust-free and, beyond z = 12, the model, even without dust,
nderpredicts the observed abundance by about 1 order of magnitude. 
hey suggested that processes not included in the simulation, such 
s Population III stars, or a variable stellar IMF, may be required.
nother physically based model is that of Yung et al. ( 2024 ) based on

he Santa Cruz semi-analytic model (Somerville & Primack 1999 ). 
hey also predicted galaxy number densities at z > 11 that are at

east 1 order of magnitude below the observational data, even when 
he y ne glect dust obscuration. The y also speculated that a top-heavy
MF might ease the discrepancy. 

The GALFORM � CDM-based semi-analytic model of galaxy for- 
ation of Cowley et al. ( 2018 ) (see also Lacey et al. 2016 ; Baugh

t al. 2019 ) is the result of several years of dev elopment. A ke y
nnovation was the introduction of a top-heavy IMF for stars that 
orm in bursts (Baugh et al. 2005 ). This is required to account
or the number counts and redshift distribution of submillimetre 
ources which cannot otherwise be easily explained in a model that 
lso accounts for the properties of the local galaxy population. A 

ey feature of this model is the self-consistent calculation of the 
bsorption and emission of radiation by dust which is, of course, 
equired to predict submillimetre fluxes (see Granato et al. 2000 ).
ost GALFORM work since 2005 has included these two important 

eatures. As we shall see, the top-heavy IMF in bursts and a
roper treatment of dust obscuration are essential to understand the 
V galaxy luminosity functions measured by JWST . These bursts 
enerate high luminosities while making only about 30 per cent of
he stellar mass locked up in galaxies at the present day in the models
nalysed in this paper. 

The basic philosophy of GALFORM since it was first presented by
ole et al. ( 2000 ) is to calculate quantities, like luminosities, that can
e measured directly from observational data and to fix the inevitable
ree parameters describing the astrophysical processes of galaxy 
ormation to ensure that the model agrees with a subset of basic
bserved properties of the galaxy population, mostly at the present 
ay, notably the galaxy luminosity function in various bands and a
election of scaling relations. We then use this fully specified model
o make predictions for observables not included in the calibration, 

ost commonly properties at high redshift. If the model fails, then
e update the physics in the model, al w ays ensuring agreement with
bservations at z = 0. It was this approach that led us to introduce
he top-heavy IMF in bursts 20 yr ago. Hydrodynamical simulations 
ubsequently adopted a similar philosophy to model calibration (e.g 
ogelsberger et al. 2014 ; Schaye et al. 2015 ) but, of course, it is
uch easier to update a semi-analytic model than a hydrodynamical 

imulation (for a recent exploration of the subgrid parameter space 
f a hydrodynamical simulation, see Kugel et al. 2023 ). 
Here, we compare the predictions of the Cowley et al. ( 2018 )
odel with the observed UVLFs from z = 7 to z = 16. We derive
odel scaling relations between fundamental properties such as star 

ormation rate (SFR), stellar mass, halo mass, and UV luminosity. We
lso calculate the fate and properties of the present-day descendants 
f these early JWST galaxies. 
The paper is organized as follows. In Section 2 , we summarize the

ey features of GALFORM and the calibration of the model parameters. 
e compare the model with the observed UVLFs in Section 3 . In

ection 4 , we discuss the role of dust attenuation (Section 4.1 ) and
he IMF (Section 4.2 ) and compare our results with previous studies
Section 4.3 ). In Section 5 , we trace the high-redshift galaxies to the
resent and study the properties of their descendants. A discussion 
f our results and our conclusions are presented in Section 6 . 

 M E T H O D  

.1 The GALFORM semi-analytic model 

he Durham semi-analytic model of galaxy formation, GALFORM , 
as introduced by Cole et al. ( 2000 ), building on earlier work by
hite & Rees ( 1978 ), White & Frenk ( 1991 ), and Cole et al. ( 1994 ).

emi-analytic models calculate physical processes along subhalo 
erger trees which can either be extracted from dark matter only

DMO) simulations (e.g. Helly et al. 2003 ; Jiang et al. 2014 ) or
enerated by Monte Carlo methods (e.g. Cole et al. 2000 ; Parkinson,
ole & Helly 2008 ). GALFORM solves sets of coupled differential
quations that describe gas cooling in haloes, star formation, galaxy 
ergers, feedback from stars and black holes, as well as chemical

nrichment and recycling of metals. It combines the predicted star 
ormation histories of galaxies and their chemical evolution with 
 stellar population synthesis model to build a composite spectral 
nergy distribution for each galaxy. For further details of how these
rocesses are modelled in the most up-to-date version of GALFORM ,
e refer the reader to Lacey et al. ( 2016 ). 
MNRAS 536, 1018–1034 (2025) 
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Figure 1. Halo mass functions measured in the P–Millennium (solid) and 
EAGLE–DMO (dashed) N -body simulations between z = 7 and z = 16. 
The vertical dashed–dotted line indicates M halo = 5 × 10 9 h −1 M �, which 
corresponds to the mass of 50 particles in P–Millennium. 
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.1.1 The dark matter only simulations 

owley et al. ( 2018 ) applied GALFORM to the P–Millennium sim-
lation, a variant of the Millennium simulation (Springel et al.
005 ), with cosmological parameter v alues deri ved from Planck data
Planck Collaboration XIII 2016 ), in a cube of sidelength 800 Mpc .
he P–Millennium simulation was introduced by Baugh et al. ( 2019 ).
aloes were initially identifed with a friends-of-friends algorithm

Davis et al. 1985 ) and self-bound structures were then identified
ith the SUBFIND algorithm (Springel et al. 2001 ). Merger trees
ere constructed from these subhalo catalogues using the ‘DHalos’

lgorithm (Jiang et al. 2014 ). 
The large volume of P–Millennium allows us to study the rare
assive haloes that could host bright galaxies at high redshift,
 ∼ 14 − 16, but the relatively large dark matter particle mass,
 . 06 × 10 8 h 

−1 M �, limits the ability to follow the low-mass haloes
hat could host very faint galaxies. To overcome this resolution
imitation, we combine the P–Millennium with the EAGLE–DMO
imulation (where EAGLE stands for the ‘Evolution and Assembly
f GaLaxies and their Environments’ simulation project; Guo et al.
016 ). EAGLE–DMO assumed the same cosmological parameters as
he P–Millennium, but it has much higher mass resolution, a particle

ass of 1 . 15 × 10 7 h 

−1 M �, 10 times smaller than P–Millennium.
o combine the two simulations, galaxies with halo masses larger

han 5 × 10 9 h 

−1 M � (roughly corresponding to 50 DM particles in
–Millennium and 450 DM particles in EAGLE–DMO) are taken
rom P–Millennium, while those with lower halo masses are taken
rom the EAGLE–DMO simulation. 

Since the EAGLE–DMO simulation has a cube sidelength of
00 Mpc , 1 / 8 that of P–Millennium, when calculating the luminosity
unctions we assign a weight 8 3 = 512 larger to the EAGLE–DMO
alaxies than to the P–Millennium galaxies. We will return to this
oint in Section 3 . With this combination, we are able not only to
tudy high-redshift rare massive objects, but also low-mass haloes
own to ∼10 9 h −1 M � (about 100 DM particles in EAGLE–DMO). 
For P–Millennium, there are 271 snapshots in total, 15 between

 = 12 and z = 16; for EAGLE–DMO, there are 400 snapshots in
otal, 14 between z = 12 and z = 16. This allows us accurately to
apture the merging history of haloes and galaxies. In Fig. 1 , we show
he halo mass functions in both P–Millennium (solid) and EAGLE–
MO (dashed) from z = 7 to z = 16. We observe that even at z = 16,
aloes as massive as 2 × 10 10 h 

−1 M � have a number density as
igh as ∼ 10 −7 h 

3 Mpc −3 , which corresponds to 16 haloes/dex in the
imulation cube. 

Throughout we assume a flat universe and, to be consistent
ith the P–Millennium and EAGLE–DMO, we adopt cosmological
arameters from Planck Collaboration XIII ( 2016 ; i.e. �m 

= 0 . 307,
� 

= 0 . 693, �b = 0 . 0483, σ8 = 0 . 8288, and h = 0 . 6777). 

.1.2 Supernova feedback model 

nergy injected by supernovae (SN) heats up galactic gas, altering its
bility to cool and producing a feedback loop that limits further star
ormation. This is one of the key processes that determines galaxy
volution. In the fiducial GALFORM model (e.g. Lacey et al. 2016 ),
his process is described by 

˙
 eject = β ( V c ) ψ = ( V c /V SN ) 

−γSN ψ, (1) 

here Ṁ eject is the cold gas ejection rate; β is the ‘mass loading’
actor determined by the circular velocity, V c , of the disc or bulge,
epending on whether stars are forming quiescently or in a starburst;
 is the SFR; V SN and γSN are adjustable parameters which are set
NRAS 536, 1018–1034 (2025) 
ere to V SN = 320 km s −1 and γSN = 3 . 4 in order to match selected
roperties of the local galaxy population (see Section 2.2 for details
f the model calibration). The ejected gas accumulates in a reservoir
f mass M res outside the halo, and gradually rejoins a hot gas corona
ithin the halo virial radius at a rate 

˙
 return = αret 

M res 

τdyn,halo 
, (2) 

here τdyn,halo is the halo dynamical time and αret is a constant, set
o αret = 1 . 0. We refer to this as the standard (STD) feedback model.

A deficiency of the STD model is that it does not produce enough
onizing photons at early times to reionize the Universe at the high
edshift implied by the Planck Collaboration XIII ( 2016 ) data. This
ould be remedied by reducing the strength of supernova feedback
t high redshift, leading to enhanced star formation at early times.
ne consequence of this is that, with the original parametrization of

eedback, this would result in the o v erproduction of dwarf galaxies
oday as well as in an incorrect stellar mass–metallicity relation
or these galaxies. This led Hou et al. ( 2016 ) to propose a new
N feedback model for GALFORM in which the feedback strength
hanges with cosmic time. In this model, referred to as EvolFB (i.e.,
he evolving feedback model), the simple power-law ‘mass loading’
actor, β( V c ) (equation 1 ) is replaced by a broken power law as a
unction of V c , 

= 

{ 

( V c /V SN ) 
−γSN V c ≥ 50 km s −1 (

V c /V 

′ 
SN 

)−γ ′ 
SN V c < 50 km s −1 

, (3) 

here V SN depends on redshift as 

 SN 

(
km s −1 

) = 

⎧ ⎨ 

⎩ 

180 z > 8 
−35 z + 460 4 ≤ z ≤ 8 

320 z < 4 
. (4) 

he index γ ′ 
SN is taken to be γ ′ 

SN = 1 . 0 and V 

′ 
SN is fixed by the

ondition that the two power laws should join at V c = 50 km s −1 . In
his new model the strength of SN feedback is weaker at z > 4 than in
he original model allowing GALFORM simultaneously to match: (1)
he redshift, z re , half , at which the Universe was 50 per cent reionized
ccording to Planck Collaboration (XIII 2016 ), (2) the luminosity



GALFORM and JWST 1021 

f
r

2

T  

f  

T

�

w  

b  

f  

I  

(  

m  

(  

s  

d
c
e

t  

d
a  

I
t  

S  

i
2  

p
(  

a  

e  

m
r

2

T
i  

p
t

d
t  

w

L

w  

f  

(  

m  


  

o
T
L

o

L

w  

(  

a  

q
S  

f  

t  

t  

c  

w  

m
i
o
e

2

D
c
d
t  

a  

e  

p  

d
b
t
s
a
fl  

a  

p
r  

t
 

s
t
s  

p  

n

2

T  

t  

t  

(
m
m
o
c
v  

c
 

(  

t
c  

b  

a  

b  

a
l

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/1018/7909086 by U
niversity of D

urham
 user on 19 D

ecem
ber 2024
unction of Milky Way satellites, and (3) the stellar mass–metallicity 
elation for Milky Way satellites. 

.1.3 Stellar initial mass function 

he stellar IMF describes the mass distribution of stars at birth. Its
orm affects the evolution of gas, stars, and metal content of galaxies.
he IMF is typically described as a power law, 

 ( m ) = 

d N 

d ln m 

∝ m 

−x , (5) 

here N is the number of stars as a function of their mass at
irth, m . In GALFORM , we distinguish between two modes of star
ormation (SF): (i) a quiescent (or disc) SF with a Kennicutt ( 1983 )
MF ( x = 0 . 4 for m < 1 M � and x = 1 . 5 for m > 1 M �), and
ii) a starburst mode with a top-heavy IMF ( x = 1 for the entire
ass range, 0.1 to 100 M �). As we mentioned in the Introduction

Section 1 ), Baugh et al. ( 2005 ) found that a top-heavy IMF in
tarbursts is necessary to account for the number counts and redshift
istribution of submillimetre galaxies (SMGs), while remaining 
onsistent with observational constraints at z = 0 (see also Lacey 
t al. 2016 ). 

Since the frequency of starbursts is higher at higher redshift, 
he dual IMF in GALFORM is, in practice, equi v alent to a redshift-
ependent IMF which, on average, becomes increasingly top-heavy 
t higher redshift. We note that although a redshift dependence of the
MF remains an open question, evidence has accumulated suggesting 
he presence of a top-heavy IMF in the early Univ erse. F or e xample
neppen et al. ( 2022 ) fitted a temperature-dependent IMF to galaxies

n the COSMOS2015 catalogue (i.e., the Cosmic Evolution Surv e y- 
015 catalogue; Laigle et al. 2016 ) and found that the IMF becomes
rogressively top-heavy with increasing redshift. Cameron et al. 
 2024 ) also reported two Lyman α emitting galaxies at redshifts 5.9
nd 7.9 that sho w e vidence for exceptionally top-heavy IMFs. Liang
t al. ( 2021 ) found that the IMF tends to be more top-heavy at lower
etallicities, supporting the possibility of a top-heavy IMF at high 

edshift. 

.1.4 Stellar population and luminosity 

he stellar population synthesis model in GALFORM is explained 
n Lacey et al. ( 2016 ). Here, we provide a brief overview of the
rocedure for deriving the properties of the stellar populations and 
he luminosities in different bands for galaxies in GALFORM . 

To obtain galaxy luminosities, GALFORM calculates spectral energy 
istributions (SEDs) from a set of single stellar population (SSP) 
emplates. The SED of a stellar population at a given time, t , can be
ritten as 

 λ( t) = 

∫ t 

0 
d t ′ 

∫ ∞ 

0 
d Z 

′ 
( t ′ , Z 

′ ) L 

(SSP) 
λ ( t − t ′ , Z 

′ ; � ) , (6) 

here 
( t ′ , Z 

′ ) d t ′ d Z 

′ represents the mass of stars at birth which
ormed in the time interval ( t ′ , t ′ + d t ′ ) and metallicity range
 Z 

′ , Z 

′ + d Z 

′ ). L 

(SSP) 
λ ( t, Z; � ) is the SED of an SSP of one solar

ass with age t and metallicity Z, given a specific IMF, � ( m ).
( t, Z) is derived by summing o v er the star formation histories

f all the progenitor galaxies which merged into the final galaxy. 
he SSP luminosity is determined by integrating the luminosity, 
 

(star) ( t, Z, m ), of a star of initial mass m , metallicity Z, and age t 
 v er the IMF 

 

(SSP) 
λ ( t, Z; � ) = 

∫ m U 

m L 

L 

(star) 
λ ( t, Z, m ) � ( m ) d ln m, (7) 
here m L and m U are the lower and upper mass limit of the IMF
set to be 0 . 1 M � and 100 M �, respectively; see Section 2.1.3 ). Here,
s in the original models, we adopt two different IMFs, one for
uiescent (or disc) star formation and another for starbursts (see 
ection 2.1.3 ). Thus, we apply equation ( 6 ) separately to the stars
ormed in the disc and starburst modes, and then add these to get
he total luminosities in each galaxy. The SSP library used here is
hat from Maraston ( 2005 ), which has a fine grid of ages, but only a
oarse grid of metallicities: Z = 0 . 001 , 0 . 01 , 0 . 02 , and 0.04. Thus,
e first interpolate L 

(SSP) 
λ ( t, Z; � ) in both t and Z as needed and then

ultiply it by the suitably normalized filter response function and 
ntegrate it to obtain the broad-band luminosities and magnitudes 
f galaxies. Absolute magnitudes are calculated with zero points in 
ither the Vega or AB systems, as required. 

.1.5 Dust model 

ust attenuates the luminosities of galaxies and is an important 
onsideration when predicting the galaxy luminosity function in 
ifferent wavebands. GALFORM includes a self-consistent dust model 
hat calculates the absorption of radiation by dust in UV, optical,
nd near-infrared (IR) bands, as well as the reradiation of this
nergy at IR and submm wavelengths. The model assumes a two-
hase dust medium, with dust in molecular clouds embedded in a
iffuse dust component. The absorption and reradiation of energy 
y the two dust components are calculated separately and, thus, 
he temperature of the different dust components can vary. Some 
implifying assumptions are made: (i) a single dust temperature is 
ssumed for each dust component (cloud or diffuse); (ii) temperature 
uctuations for small grains are ignored; (iii) the dust opacity is
ssumed to be a power law at IR/submm wavelengths, and (iv)
olycyclic aromatic hydrocarbon (PAH) features are ignored. We 
efer readers to Lacey et al. ( 2016 ) for a more detailed description of
he dust absorption and emission model. 

Cowley et al. ( 2018 ) adopted a different approach, using the
pectrophotometric radiative transfer code, GRASIL (Silva et al. 1998 ), 
o calculate the dust absorption and emission processes; this is 
lightly different from the default GALFORM dust model used in this
aper. We confirm, ho we ver, that the dif ference in dust models has a
egligible effect on our results (see also Cowley et al. 2017 ). 

.2 Model parameters 

he GALFORM model is defined by a set of parameters that describe
he various physical processes thought to be rele v ant to galaxy forma-
ion. While this is often a source of criticism of semi-analytic models
although not of hydrodynamical simulations which, generally, have 
ore adjustable parameters), we stress that, contrary to a common 
isconception, we do not have unlimited freedom in the choice 

f the parameter values. The equations describing the model are 
onstructed from physical arguments and the approximate range of 
 alues allo wed for any gi ven parameter is constrained by theoretical
onsiderations or guided by observational constraints. 

Following the philosophy behind GALFORM , as set out in Cole et al.
 2000 ), Lacey et al. ( 2016 ), and other GALFORM papers, we calibrate
he model parameters to reproduce a small set of observational 
onstraints, mainly at low redshift, including: (i) the b J - and K -
and luminosity functions at z = 0; (ii) the morphological fractions
s a function of r -band luminosity of galaxies at z = 0; (iii) the
lack hole–bulge mass relation at z = 0; (iv) the number counts
nd redshift distribution of submm galaxies; and (v) UV galaxy 
uminosity functions at z = 3 and z = 6. 
MNRAS 536, 1018–1034 (2025) 
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Here, we calculate the same models as Cowley et al. ( 2018 ).
e adopt the same two SN feedback models, STD and EvolFB,

escribed in Section 2.1.2 , retaining the same values of all the
odel parameters. F or e xample we did not change the parameters

f the EvolFB model to reflect a recent change in the inferred
edshift of reionization from Planck data, from z re � 8 . 5 (Planck
ollaboration XIII 2016 ) to z re ∼ 7–8 (Planck Collaboration VI
020 ). 
The main properties of the local galaxy population and of the

ubmm galaxies used to calibrate the model parameters for both the
TD and EvolFB models applied to the P–Millennium simulation
re shown in Fig. 2 . All other properties of the resulting galaxy
opulation are predictions of the model. In particular, the UV lumi-
osity function of galaxies at the redshifts rele v ant here, z = 7 − 16,
as not used to calibrate the model. As we can see from Fig. 2 , both

he STD model and the EvolFB model show remarkable agreement
ith the observations at lower redshifts, which is consistent with the

esults of Lacey et al. ( 2016 ) and Cowley et al. ( 2019 ) for the STD
odel and of Hou et al. ( 2016 ) for the EvolFB model. The STD
odel is quite close to the EvolFB model at z = 0 as the evolving
N feedback converges to the standard case below z = 4 (Hou et al.
016 ). 
NRAS 536, 1018–1034 (2025) 

r  

igure 2. Comparison of GALFORM results with the properties of the local galaxy 
uminosity function (LF) at z = 0 compared to data from Norberg et al. ( 2002 ); u
 2001 ), Kochanek et al. ( 2001 ), and Driver et al. ( 2012 ); upper right : cumulative nu
nudsen, van der Werf & Kneib ( 2008 ), Weiß et al. ( 2009 ), Zemcov et al. ( 2010 )

ractions of galaxies as a function of their r -band luminosity at z = 0, compared to 
ecomposition) and Gonz ́alez et al. ( 2009 ) (open squares; based on the Petrosian c
elation of galaxies at z = 0, compared to data from H ̈aring & Rix ( 2004 ) with the
ower right : the redshift distribution of submm galaxies [ S ν (850 μm ) > 5 mJy ], co
nd EvolFB model (Section 2.2 ) are indicated by dashed and solid curves, respectiv

.com
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nra
 GALFORM P R E D I C T I O N S  V E R S U S  

BSERVATI ONS  

.1 Galaxy properties 

efore comparing GALFORM predictions with the observational data
rom JWST , in Fig. 3 , we present the predictions of the GALFORM

odel for (i) the stellar mass function (SMF) and (ii) the SFR
istribution function. Here, we also combine the P–Millennium
nd EAGLE–DMO simulations using the method described in
ection 2.1.1 in order to mitigate the effects of the low mass
esolution of P–Millennium. We can see from the left panel of Fig. 3
hat the SMF evolves significantly from z = 7 to z = 16. The SMF
t the lower redshifts shows both a higher number density at fixed
tellar mass and extends to larger masses. Across the whole redshift
nd stellar mass ranges, the EvolFB model predicts a higher galaxy
bundance than the STD model. This is a natural consequence of the
edshift-dependent supernova feedback model, in which the feedback
ecomes weaker at higher redshifts ( z > 4), allowing star formation
o continue more efficiently. 

The SFR distribution function (right panel) also shows significant
volution, with the SFR increasing, on average, to wards lo wer
edshifts. The SFR distribution function in the EvolFB model has
population used to calibrate the model parameters. Upper left : b J - band Vega 
pper middle: K−band Vega LF at z = 0 compared to data from Cole et al. 
mber counts of submm galaxies compared to data from Coppin et al. ( 2006 ), 
, Chen et al. ( 2013 ), and Karim et al. ( 2013 ); lower left : the morphological 
data from Benson et al. ( 2007 ) (vertical hatched region; based on disc–bulge 
oncentration index in the r -band); lower middle : the black hole–bulge mass 
 error bars indicating the range from 16th to 84th percentiles (i.e. 1 σ range); 
mpared to data from Wardlow et al. ( 2011 ). In each panel, the STD model 
ely. 
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Figure 3. GALFORM predictions for the SMF (left) and the SFR distribution function (right). In each panel, the results from z = 7 to z = 16 are shown using 
different colours, as indicated in the key. The STD model and EvolFB model are shown with dashed and solid curves, respectively. 
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 similar shape to that in the STD model at z � 10. The highest
FRs at z � 12 hardly exceed 40 h 

−1 M � yr −1 in either model.
he SFR distributions here are roughly consistent with those of 
owley et al. ( 2018 , fig. 3), but we do see slight differences,
specially at high redshift ( z ∼ 14 − 16). There are more galaxies
ith low SFR ( < 0 . 1 h 

−1 M � yr −1 ) in our work. This is because,
ith the combination of the P–Millennium and EAGLE–DMO 

imulations, we are able to resolve galaxies with lower masses at high
edshifts. 

Fig. 4 shows the correlations between stellar mass, halo mass, 
FR, and UV magnitude from z = 7 to 16. We define 

 UV = M AB (1500 Å) − 5 log h, (8) 

here M AB (1500 Å) is the absolute AB magnitude of galaxies at
= 1500 Å in their rest frame. When comparing the predictions of

he model to observations in the following sections, the observational 
ata are also scaled to the same units. All galaxies, central and
atellites, are included in Fig. 4 . In this figure, for both types of galaxy,
e take as the ‘halo mass’ the mass of the halo at the last output time
hen the galaxy was a central galaxy, M halo , ct . For centrals, this is

ust the current halo mass; for satellites it is the mass just before
nfall into the larger host halo. This definition is used only in this
gure. Elsewhere in the paper, the halo mass is defined as the mass
f the halo in which the galaxy resides, which we denote M halo . For
entrals this is the same as M halo , ct but for satellites, it is the mass of
he current host halo. 

As can be seen, both the STD and EvolFB models exhibit an
pproximate power-law relationship between halo mass and stellar 
ass below M halo , ct ∼ 10 11 M �. At higher halo masses, the relation 
attens and the scatter increases significantly. At a given halo mass,

ower redshift galaxies are more likely to have higher stellar masses.
he EvolFB model predicts higher stellar masses than the STD model
t M halo , ct � 10 11 M �, but similar stellar masses to the STD model at
igher halo masses. For the sample used in this figure, M UV < −15,
early all galaxies are centrals, so the figure would be very similar
ad we plotted M halo rather than M halo , ct . 
The correlations between M UV and other properties exhibit a 
trong redshift dependence in both models. Stellar mass, SFR, and 
alo mass all show a positive correlation with the UV luminosity of
he galaxy, as expected. At fixed stellar mass and halo mass, high-
edshift galaxies appear to be brighter in the UV than low-redshift
alaxies. This shows that the ‘bright’ galaxies observed at high 
edshifts are not ‘massive’ galaxies, contrary to what is often stated
n the observational literature (e.g. Harikane et al. 2023 ; Labb ́e et al.
023 ). Interestingly, in the EvolFB model, high-redshift galaxies 
how a steeper SFR–M UV relation than low-redshift galaxies (see 
he bottom left panel of Fig. 4 ), while in the STD model, this feature
s not as obvious. 

Fig. 5 shows the redshift evolution of the star formation rate density
SFRD; upper panel) and the integrated stellar mass density (lower 
anel). The integrated stellar mass density is calculated by integrating 
he SFRD from z = 19 to a given redshift and then multiplying by
 factor (1 − R) to obtain the mass in long-lived stars and stellar
emnants. Here, R represents the recycled fraction corresponding to 
he assumed IMF: R = 0 . 44 for the Kennicutt ( 1983 ) IMF in disc
uiescent SF mode and R = 0 . 54 for the x = 1 IMF in starbursts.
he total stellar mass density is the sum of the stellar mass densities

ormed in quiescent and starburst SF modes. 
As we have seen, the P–Millennium simulation does not resolve 

ow-mass galaxies at high redshift and thus underestimates the SFRD 

t those redshifts. In this figure, we show the results of P–Millennium
elow z = 7 and EAGLE–DMO abo v e z = 11. In between, we apply
 weight that linearly varies from 1 to 0 (or 0 to 1) between z =
 and z = 11 for P–Millennium (or EAGLE–DMO), enabling the
wo simulations to join smoothly. As shown, the SFRDs of both
he EvolFB model and the STD model peak at z ∼ 2 − 4, with the
volFB model (solid curve) consistently showing a higher SFRD 

han the STD model at z � 3. At z � 2 . 5, the SFR in quiescent mode
blue curves) is significantly higher than that in starbursts (red curves) 
n both models. Ho we ver, at higher redshifts ( z � 2 . 5), the EvolFB
odel exhibits a significantly higher SFRD in starbursts (red solid) 

ompared to discs (blue solid), while the STD model shows only a
MNRAS 536, 1018–1034 (2025) 
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M

Figure 4. GALFORM predictions. Upper left : the correlation between stellar mass and halo mass; upper right : the correlation between stellar mass and UV 

magnitude [ M UV ≡ M AB (1500 Å) − 5 log h ]; lower left : the correlation between SFR and UV magnitude; lower right : the correlation between halo mass and 
UV magnitude. In all panels, only galaxies with UV magnitude M UV < −15 are included. The halo mass ( M halo , ct ) used in this figure is the mass of the host 
halo of the galaxy at the last snapshot at which it was still a central galaxy. The results from z = 7 to z = 16 are shown using different colours, as indicated by 
the key. The STD model and EvolFB model, respectively, are shown with dashed and solid curves. The error bars indicate the 16th to 84th percentile ( ±1 σ ) 
range. As both models exhibit a similar level of scatter, for clarity, we only show the error bars for the EvolFB model in the bottom two panels. 
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light excess in SFRD in starbursts (red dashed) at 2 . 5 � z � 9. This
gure confirms that the SFRD continues to decrease towards higher
edshifts starting from z ∼ 2 − 4 and does not reach zero, at least
ot before z ∼ 19. 

.2 UV luminosity functions 

s mentioned in Section 2.1.1 , in the following sections we com-
ine the P–Millennium and EAGLE–DMO simulations to estimate
he UVLFs. This combination allows us not only to study rare
right galaxies at high redshift (thanks to the large volume of P–
illennium) but also to examine the abundance of faint galaxies

thanks to the high mass resolution of EAGLE–DMO). In Fig. 6 ,
e show an example of the effect of combining the two simu-

ations at different redshifts (for simplicity, only results based on
NRAS 536, 1018–1034 (2025) 
he EvolFB model are shown). P–Millennium and EAGLE–DMO
re in good agreement at z � 10, and so the combination does
ot significantly affect the UVLFs at these redshifts, except for
he fact that EAGLE–DMO suffers from incompleteness at the
rightest end. At higher redshifts, P–Millennium shows a lower
bundance at the faint end than EAGLE–DMO due to its lower
ass resolution. The combined results agree well with EAGLE–
MO at the faint end and P–Millennium at the bright end. We
ote that, due to the very limited sample of EAGLE–DMO galax-
es at z � 14, the UVLFs at these redshifts exhibit noticeable 
uctuations. 
Fig. 7 presents the dust-extincted (red curves) UVLFs (Sec-

ion 2.1.5 ) predicted at z = 7 − 16 by GALFORM based on the STD
odel (dashed curves) and the EvolFB model (solid curves). These

re compared with observational data at the corresponding redshifts,
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Figure 5. Upper panel : the redshift evolution of the star formation rate 
density (SFRD) from z = 19 down to z = 0. The results of the EvolFB model 
and STD model are indicated by solid and dashed curv es, respectiv ely, with 
colours representing the SFRD in different star formation (SF) modes (black 
for the total SFRD, blue for the SFRD in disc/quiescent SF mode, and red for 
the SFRD in starbursts). Lower panel : the integrated stellar mass density at 
dif ferent redshifts, sho wing both the EvolFB and STD models, along with the 
separate contributions from disc and starburst SF, as well as the total. Below 

z = 7, the SFRD is measured from the P–Millennium simulation and abo v e 
z = 11 from the EAGLE–DMO simulation. In between these redshifts, we 
apply a weight that changes linearly from 1 to 0 (or 0 to 1) between z = 7 and 
z = 11 for P–Millennium (or EAGLE–DMO), allowing the two simulations 
to join smoothly. 
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ncluding the new JWST observations, as well as earlier estimates 
sing other telescopes such as the Hubble Space Telescope (HST). 
e use different symbols to denote different observational data sets: 

i) UVLFs from spectroscopically confirmed ( z spec ) high- z candidates 
rom JWST are shown using filled green triangles (Harikane et al. 
024 ), (ii) UVLFs derived using photometric redshifts ( z photo ) from
WST observations are shown using open green triangles (Adams 
t al. 2024 ; Bouwens et al. 2023 ; Castellano et al. 2023 ; Donnan et al.
023 ; Finkelstein et al. 2024 ; Harikane et al. 2023 ; Leung et al. 2023 ;
orishita & Stiavelli 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Robertson

t al. 2024 ; Willott et al. 2024 ), while (iii) UVLFs constructed from
arlier, pre- JWST z photo data are indicated by open black triangles 
Bouwens et al. 2011 , 2015 , 2021 ; McLure et al. 2013 ; Schenker
t al. 2013 ; Bowler et al. 2014 , 2020 ; Oesch et al. 2014 , 2018 ;
inkelstein et al. 2015 ; Morishita et al. 2018 ; Stefanon et al. 2019 ). 
We show the comparison between the GALFORM predictions and 

he observational data up to z = 14, and show only model predictions
t z ∼ 16, as currently there are no reliable UVLF measurements at
 > 14. Harikane et al. ( 2023 ) estimated the UVLFs of galaxies at
 = 16 based on two z photo ∼ 16 candidates (CR2-z16-1 identified 
y Donnan et al. 2023 and S5-z16-1 identified by Harikane et al.
023 ). Ho we ver, CR2-z16-1 has been spectroscopically confirmed 
o be at z = 4 . 91 (Harikane et al. 2024 ) and S5-z16-1 may also be a
alaxy located at z = 4 . 61 (Harikane et al. 2023 ). In order to make
ore accurate comparisons with the data, we calculated the effects 
f convolving the GALFORM predictions with a measurement error of 
.3 dex, corresponding roughly to the measurement uncertainty of 
bserved UV magnitudes (e.g. 0.1–0.4 dex in Finkelstein et al. 2024 ).
o we ver, we find that this has a negligible effect on the predicted
VLFs. Therefore, in what follows, we simply plot the intrinsic 

i.e. unconvolved with the magnitude measurement error) UVLFs 
redicted by GALFORM . 
As we can see from Fig. 7 , the EvolFB model (solid curve) al w ays

redicts a higher abundance of galaxies at the faint end across the
hole redshift range ( z = 7 − 16). This is as expected because the
 volving supernov a feedback model gi ves weaker feedback at lo w
asses as well as at higher redshifts (Hou et al. 2016 ). Below z ∼ 12,

he EvolFB model predicts slightly fewer bright galaxies than the 
TD model. We note that the discrepancy between the STD and
volFB models at the bright end at z � 12 is slightly larger than in
owley et al. ( 2018 ). This is because of the difference in the dust
ttenuation models used in this work and in Cowley et al. ( 2018 ). Our
ain conclusions are unaffected by this difference. We note that the

ffects of dust extinction on the bright end of the UVLF are predicted
o be large even at the high redshifts shown here, but we return to
his issue in Section 4.1 . 

At z = 9 − 10, where there are both JWST and earlier observations
e.g. from HST ), we find good agreement between the new and
ld measurements, as well as between z photo -based and z spec -based
easurements, in agreement with the conclusions of Harikane et al. 

 2024 ). Below z ∼ 10, the model predictions agree well with the
bservational data. Indeed, the STD and EvolFB models roughly 
racket the data points; this is consistent with the results of Cowley
t al. ( 2018 , fig. 4), e ven though ne w observ ational data from JWST
ave been added to the plot. At this point, it is important to stress
gain that GALFORM is calibrated with only low redshift constraints 
see Lacey et al. 2016 and Section 2.2 for more details) and the
redictions of Cowley et al. ( 2018 ) were made prior to the availability
f JWST data. Thus, the good agreement between the models and the
atest UVLF measurements at these redshifts is a testament to the
redicti ve po wer of the GALFORM model. 
At higher redshifts, ho we v er, a discrepanc y between the models

with dust extinction; red curves) and the observational data becomes 
pparent. At z = 12, the STD model (red dashed curve) underpredicts
he abundance of galaxies o v er the entire M UV range, while the
volFB model (red solid curve) agrees with the data at the faint end
 M UV � −18 . 5) but underpredicts the galaxy abundance at the bright
nd ( M UV � −19) by 1–2 dex. At z = 14, the predictions of the
volFB model are within the uncertainty of the data at M UV > −18,
ut are significantly lower at the brighter end ( M UV < −18) by 2–3
ex. These results agree with the findings of Kannan et al. ( 2023 )
ho compared UVLFs from JWST with a suite of simulations based
n the IllustrisTNG galaxy formation model. Our results indicate 
hat a revision of the original GALFORM model is required to match
he observational data. This is the focus of the next section. 

 UPDATI NG  G A L F O R M 

s we have just seen, the predictions made following Cowley 
t al. ( 2018 ), based on two different variations of the GALFORM

emi-analytic model within the � CDM framework (the STD and 
volFB models; Section 2 ), are in good agreement with the latest
WST UVLF data for z � 10. Ho we ver, the models underpredict the
bundance of galaxies at the bright end of the UVLF ( M UV < −18)
t higher redshifts ( z ∼ 12 − 14) when dust extinction is included.
his discrepancy could be due to several factors. Here, we explore the
ensitivity of the predicted UVLFs to the details of specific physical
MNRAS 536, 1018–1034 (2025) 
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Figure 6. An example of how we combine the P–Millennium and EAGLE–DMO simulations to predict the UV luminosity functions. In each panel, the result 
from P–Millennium is shown by the blue solid curve, that from EAGLE–DMO by the red solid curve, and the combined result by the black dashed curve. 
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omponents of the model – most notably, the dust model and the
MF (described in Section 2 ). We investigate whether reasonable
djustments of the model parameters make it possible to bring
he GALFORM predictions into closer agreement with the observed
VLFs at z � 12. 

.1 The effect of dust attenuation 

ne way to resolve the difference between our model predictions
nd the observed UVLFs at high redshifts is to alter the importance
f dust attenuation, since dust in galaxies absorbs light and thus
educes the number counts of bright galaxies. As a limiting case, we
egin by turning off the dust attenuation in GALFORM altogether (for
oth the STD and EvolFB models) and calculate dust-free UVLFs at
 = 7 − 16; these predictions are also shown in Fig. 7 (blue curves).

We can see that while switching to the dust-free models (blue
urves) does not change the galaxy abundance at M UV ∼ −16, there
s an impact at the bright end, where the abundance is significantly
nhanced. This is as expected since, at fixed redshift, bright galaxies
re typically more massive and have experienced more star formation
han faint galaxies, resulting in more metals and, consequently, more
ust production (e.g. Dayal et al. 2022 ; Sommovigo et al. 2022 ).
t z � 10, where the original models previously agreed well with
bservations, the dust-free models now significantly o v erestimate
he abundance of galaxies. At z = 12, the dust-free STD model (blue
ashed curve) is in agreement with the data at the bright end ( M UV �
18), but still underestimates the abundance of galaxies at the faint
NRAS 536, 1018–1034 (2025) 
nd. The dust-free EvolFB model (blue solid curve) agrees well with
he data at the faint end ( M UV � −18), but o v erestimates the galaxy
bundance at the bright end. At z = 14, only the dust-free EvolFB
odel (blue solid curve) agrees with the data. Our results suggest

hat an extra process that causes the importance of dust attenuation
o vary with redshift may be one way to explain the discrepancy
etween models and observations. This process should preserve the
mount of dust attenuation of the original model at z � 10, reduce it
t z = 12 and make it largely negligible at z ∼ 14. 

There is some observational evidence that dust extinction may
e less important at very high redshift than in the local Universe
e.g. Austin et al. 2024 ; Cullen et al. 2024 ; Morales et al. 2024 ;
opping et al. 2024 ). Several studies (e.g. Vladilo et al. 2011 ; De Cia
t al. 2013 , 2016 ; Wiseman et al. 2017 ) have reported a metallicity-
ependent dust-to-metal ratio (DTM), which is about 50 per cent
ower at metallicity Z = 0 . 1 Z � than at solar metallicity, Z � (see

aiolino & Mannucci 2019 for a re vie w). Since metallicities are
ower at high redshift, this would be expected to lead to a lower
TM. Contrary to this, Wiseman et al. ( 2017 ) reported that they
id not find an y ob vious redshift-dependence of the DTM; ho we ver,
his conclusion is based on small galaxy samples up to a redshift of
nly z ∼ 5. In GALFORM , a constant DTM is assumed with a value of
.334 (Lacey et al. 2016 ) in order to match the dust-to-gas ratio in the
olar neighbourhood, 6 . 7 × 10 −3 for Z � = 0 . 02 (Silva et al. 1998 ).
f the reports of a lower DTM ratio at lower metallicity are correct,
ALFORM would o v erestimate the dust content at low metallicity and,
onsequently, that of galaxies at high redshifts. 
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Figure 7. Comparison of UV luminosity functions (UVLFs) between the predictions of GALFORM and observational data from z = 7 to z = 16 (as noted in the 
upper right of each panel). For the theoretical predictions, we present both the standard model (STD) and the model with evolving supernova feedback (EvolFB; 
Section 2.2 ), indicated by dashed and solid curv es, respectiv ely. The dust-e xtincted and dust-free results are shown in red and blue, respectively. In each panel, 
we o v erplot the observ ational data, di vided into three categories: (i) JWST data with spectroscopically confirmed redshifts (filled green triangles; Harikane et al. 
2024 ), (ii) photometric redshift-based JWST data (open green triangles, including Adams et al. 2024 ; Bouwens et al. 2023 ; Castellano et al. 2023 ; Donnan et al. 
2023 ; Finkelstein et al. 2024 ; Harikane et al. 2023 ; Leung et al. 2023 ; Morishita & Stiavelli 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Robertson et al. 2024 ; Willott 
et al. 2024 ), and (iii) photometric redshift-based measurements from earlier observations (open black triangles, including Bouwens et al. 2011 , 2015 , 2021 ; 
McLure et al. 2013 ; Schenker et al. 2013 ; Bowler et al. 2014 , 2020 ; Oesch et al. 2014 , 2018 ; Finkelstein et al. 2015 ; Morishita et al. 2018 ; Stefanon et al. 2019 ). 
We exclude observational upper limits as these can be misleading. 
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Another, more radical, possibility is that dust may not have had 
ime to form, in some of the high-redshift galaxies (e.g. Markov et al.
024 ). The details of dust formation and destruction mechanisms are 
ery uncertain even at low redshift but, from analytical and ob- 
ervational considerations, Mattsson & Andersen ( 2012 ) concluded 
hat dust growth in the interstellar medium is the most important 
ust formation mechanism. They proposed a dust grain growth time- 
cale, τgrowth , which is found to increase with decreasing metallicity 
nd can be as long as � 1 Gyr for the lowest metallicity galaxies
Galliano et al. 2021 ). Since z = 14 corresponds to only ∼ 300 Myrs
fter the Big Bang, galaxies at this redshift may not have had enough
ime to make a significant amount of dust. Schneider & Maiolino 
 2024 ) proposed a parametrization of τgrowth which depends on the 
istribution of grain sizes, and on the density, temperature, and 
etallicity of the interstellar medium. This model also shows a 

e gativ e correlation with metallicity, similar to that found by Galliano 
t al. ( 2021 ). 

We extend the original dust model in GALFORM (Section 2.1.5 ), 
ncluding these effects through two alternative assumptions: 
τ

(i) D- τ assumption: dust forms gradually from metals in the cold
nterstellar medium on a time-scale, τgrowth , that depends on certain 
roperties of the gas and dust (e.g. temperature, metallicity, dust 
rain size). We adopt the parametrization suggested by Schneider & 

aiolino ( 2024 , their equation 23) and fix all the parameters, except
he gas metallicity, to their fiducial values 

growth = 6 . 7 Myr ×
(

Z 

Z �

)−1 

, (9) 

here Z is the gas-phase metallicity of the galaxy. We assume that
he DTM increases at a constant rate and reaches the value, DTM �,
s assumed in the original GALFORM dust model (Section 2.1.5 ) after
 time τgrowth . Thus, for a given galaxy, only a fraction, τform 

/τgrowth 

 � 1), of the dust is able to form, where τform 

is the characteristic time
uring which dust has been able to form. We take this characteristic
ime to be the gas depletion time of the galaxy, τdep , given by: 

dep = 

M cold 

(1 − R + β) ψ 

, (10) 
MNRAS 536, 1018–1034 (2025) 
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M

Figure 8. The effect of different assumptions for the dust production on the predicted UVLFs (based on the EvolFB model; Section 2.1.2 ). In each panel, the 
results for (i) the original dust-extincted model (Section 2.1.5 ), (ii) the dust-free model, (iii) the D- τ assumption (i.e. dust grains grow gradually, on a time-scale, 
τgrowth ), and (iv) the D-Z assumption (i.e. the DTM ratio varies with metallicity) are indicated by red, blue, green, and orange curves, respectively. The other 
symbols are as in Fig. 7 . 
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here M cold is the cold gas mass of the galaxy, ψ is the SFR, βψ 

s the rate at which gas is ejected from the cold component into the
alo reservoir by SN feedback, β is the mass loading factor given
y equation ( 3 ), and Rψ is the rate at which gas is returned into
he cold component by stellar evolution; the returned fraction, R, is
etermined by the IMF [ R = 0 . 44 for the Kennicutt ( 1983 ) IMF and
 = 0 . 54 for the tilted, x = 1, IMF]. As GALFORM adopts different

MFs for different SF modes (Section 2.1.3 ), we calculate the fraction
f dust formed ( τdep /τgrowth ) for the quiescent and starburst SF
odes separately. At high redshift, galaxies have longer dust grain

rowth time-scales because of their lower metallicity, resulting in
ess attenuation than in the original GALFORM dust model. 

(ii) D-Z assumption: the DTM ratio varies with the gas-phase
etallicity. We assume that the DTM (normalized by the MW value)

ollows a simple relation with the gas-phase metallicity as advocated
y Wiseman et al. ( 2017 ): 

DTM 

DTM �
= 0 . 4 × [ Z/H ] + 1 , (11) 

here [ Z/H ] = log ( Z/Z �). At [ Z/H ] < −2 . 5 and [ Z/H ] > 0, the
ormalized DTM is set to zero (i.e. no dust) and one (i.e. the DTM
atio has the same value as in the MW), respectively. Thus, at higher
edshift, where the gas is, on average, more metal-poor than at lower
edshift, the DTM and, in turn, the dust mass is lower and dust
ttenuation is weaker than in the original model. 
NRAS 536, 1018–1034 (2025) 
In Fig. 8 , we show predictions for the different assumptions about
he dependence of dust mass on metallicity for the EvolFB model
Section 2.1.2 ), alongside the original dust-extincted (red curve) and
he dust-free models (blue curve). The two assumptions, one, that the
TM decreases with decreasing metallicity (the D-Z assumption),

nd two, that at lower gas metallicity dust takes longer to form (the
- τ assumption) increase the observed galaxy luminosities and bring

he model into better agreement with the data at all redshifts. In both
lternatives, the amount of DTM builds up with time and approaches
he original model (in which the DTM is independent of redshift and

etallicity) at low redshift. At z = 12, the D- τ model (green) gives
n excellent match to the data, while the D-Z case (orange) only
lightly underestimates the abundance at M UV ∼ −20 . 4. At z = 14,
he D- τ model slightly underpredicts the counts of the brightest
alaxies. 

Our two variable DTM models are simplified but have no free
arameters. It could even be that the physical origin of both is the
ame, since the metallicity dependence of the DTM could be due to
he fact that dust needs more time to form at low metallicity. These

odels serve to illustrate how plausible assumptions regarding the
ependence of dust grain formation on metallicity – for which there
s both theoretical and observational support – can bring our model
redictions into agreement with the observations even at the highest
edshifts: there is no conflict between the JWST disco v ery of galaxies
t z � 12 and the standard � CDM model. 
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Figure 9. The effect of varying the stellar IMF on the predicted UVLFs. In each panel, models with (i) the original IMF set-up (a Kennicutt IMF in discs and a 
top-hea vy, x = 1, IMF in starb ursts; see Section 2.1.3 ), (ii) a uni versal K ennicutt IMF for all SF, and (iii) an extremely top-heavy universal IMF ( x = 0) also for 
all SF, are indicated by red, blue, and orange curv es, respectiv ely (dashed curves for the STD model and solid for the EvolFB model). The other symbols are as 
in Fig. 7 . 

4

A
a  

m  

a
a  

d  

q  

i
e  

w
(  

e  

 

t
d  

o  

l  

d  

G

c
t  

p  

i
d

a  

a  

t  

b
 

a  

f
h  

t  

z  

i
t
I  

m  

d

4

I  

a  

o  

d  

f
s  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/1018/7909086 by U
niversity of D

urham
 user on 19 D

ecem
ber 2024
.2 The effect of the initial stellar mass function 

nother possible mechanism to boost the UV luminosity of galaxies 
t high redshifts is to adopt a top-heavy IMF at these redshifts:
assive stars emit more UV light than low-mass stars for a given

mount of stellar mass formed. As mentioned in Section 2.1.3 (see 
lso Baugh et al. 2005 ; Lacey et al. 2016 ), GALFORM adopts two
ifferent IMFs in different SF modes: a Kennicutt ( 1983 ) IMF for
uiescent (disc) SF and a top-heavy IMF ( x = 1; see equation 5 )
n starbursts. This set-up is kept unchanged throughout the entire 
volution. To test the impact of the IMF on the predicted UVLFs,
e re-ran GALFORM with two more IMF variations: (i) a Kennicutt 

 1983 ) IMF in both SF modes (quiescent and starburst) and (ii) an
xtremely top-heavy IMF ( x = 0; see equation 5 ) in both SF modes.

In Fig. 9 , we present the UVLFs from z = 7 to z = 16 for all
hree IMF variations. In all cases, the UVLFs include attenuation by 
ust as in the fiducial version of GALFORM . Note that the production
f metals is calculated self-consistently for the chosen IMF, and is
arger for more top-heavy IMFs (see Lacey et al. 2016 for more
etails), and so the amount of dust also depends on the IMF. In both
ALFORM models (STD and EvolFB), the extremely top-heavy IMF 

ase (orange curves) predicts the highest abundance of galaxies and 
he case of a Kennicutt ( 1983 ) IMF in both SF modes (blue curves)
redicts the lowest abundance. This shows that the dual mode IMF
mplementation in the original GALFORM model (where the redshift 
ependence arises implicitly because starbursts are more common 
t high redshift) is already an impro v ement o v er the assumption of
 single Kennicutt ( 1983 ) IMF in all SF modes. Clearly, however,
he effect is not large enough to account fully for the discrepancy
etween the model and the observed UVLFs. 

At z = 12, where the original EvolFB model (red solid curve)
grees with observations at the faint end, the discrepancy is reduced
urther with the extremely top-heavy IMF (orange solid curve); 
o we ver, the predicted abundance at M UV ∼ −20 . 4 is still lower
han the observational data point by an order of magnitude. At
 = 14, the discrepancy between the predicted and observed UVLFs
s also smaller when adopting the extremely top-heavy IMF, but 
he difference is still significant. In conclusion, although a top-heavy 
MF at high redshifts ( z ∼ 12 − 14) helps to ease the tension between
odels and JWST data, this alone cannot account for the whole

iscrepancy. 

.3 Comparisons with other studies 

n the previous two sections, we investigated the influence of dust
ttenuation and the stellar IMF in predictions of the UVLFs using
ur semi-analytic model, GALFORM . We find that a model in which
ust attenuation is insignificant at z � 12 and in which supernova
eedback is relatively weaker at high redshift (the EvolFB model; 
ee Hou et al. 2016 ) is able to remo v e the discrepancy between
bservations and the standard GALFORM model up to the highest 
MNRAS 536, 1018–1034 (2025) 
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edshift for which there is reliable data, z = 14. An extremely
op-heavy IMF at such high redshifts can reduce the discrepancy
ven if dust is present, although it alone cannot entirely resolve the
ifferences. 
Previous studies have also considered these two factors as potential

olutions to the puzzle of the high-redshift JWST galaxies. For
 xample Ferrara, P allottini & Dayal ( 2023 ) claimed, using an
mpirical model, that they were able to reproduce the UVLFs up
o z ∼ 14 if galaxies at z � 11 contain negligible amounts of dust,
hich is roughly consistent with our findings. Iocco & Visinelli

 2024 ), also using empirical models, suggested a negligible role of
ust extinction at the highest redshifts, but stated that a modification
f the SFR to incorporate a larger fraction of luminous objects per
assive halo is also required to match the observ ations. Ho we ver,
auerhofer & Dayal ( 2023 ), using a simple semi-analytic model

uned to match data at z = 5 − 9, claimed that dust does not have a
ignificant impact on the visibility of early galaxies at z � 12 and, in
act, reported an increase in dust content with increasing redshift at a
iven stellar mass. Their model underpredicts the observed UVLF at
 ∼ 12 − 18 by a large factor. Using a simple empirical model, Wang
t al. ( 2023 ) reported that bright UVLFs at z ∼ 13 can be fitted by a
odel with no dust attenuation but argued that a contribution to the

uminosity from Population III stars is necessary (see also Ventura
t al. 2024 ). 

Yung et al. ( 2024 ) studied the effect of the IMF on the UVLFs
sing the Santa Cruz semi-analytic model by simply scaling up
he predicted UVLFs, which are based on a Chabrier ( 2003 )-like
MF, by a factor of sev eral. The y claimed that a top-heavy IMF
ith a boost of a factor of ∼ 4 to the UV luminosities can bring

he predictions into agreement with the observations. We note that
he simple scaling that they adopted does not properly capture
ll the effects of the IMF, such as the change in dust attenuation
ith different IMFs. We choose to implement a self-consistent IMF

hange in GALFORM . Trinca et al. ( 2024 ) also found that a metallicity
nd redshift-dependent IMF can reduce the discrepancy between
odels and observations. Cueto et al. ( 2024 ), ho we ver, argued that
 top-heavy IMF alone could not solve the problem of the high
bundance of bright galaxies at high redshift. They claimed that
lthough a top-heavy IMF produces more UV photons for a given
mount of stellar mass, it will also give rise to stronger SN feedback,
hich suppresses star formation and hence keeps the UVLFs nearly
nchanged compared to the results with a standard (Salpeter 1955 ) 
MF. 

The studies abo v e hav e two common themes: dust attenuation
nd a top-heavy IMF. Other explanations for the existence of bright
alaxies at high redshift have been proposed. For example Dekel
t al. ( 2023 ) and Li et al. ( 2024 ) claimed that an enhanced star
ormation efficiency (SFE) from feedback-free starbursts (FFSs) at
igh redshift may enhance the abundance of massive galaxies (see
lso Qin, Balu & Wyithe 2023 ). They do not, ho we ver, address
he critical point of what the present-day luminosity function of
alaxies would look like in such a scenario. Sun et al. ( 2023 ) and
hen et al. ( 2023 ) claimed that scatter in UV luminosity at a fixed
alo mass alone may be enough to resolve any disagreements at
igh redshift (see also Yung et al. 2024 ), although they do not
xplain the physical source of such scatter. Furthermore, Mirocha &
urlanetto ( 2023 ) warned that the upscattering of low-mass haloes

nto bins of brighter galaxies will introduce additional tensions
ecause the resulting stellar ages, masses, and spectral slopes would
e much lower than indicated by observations. To solve these extra
ensions requires both star formation and dust production to be

ore efficient than expected at z � 10, which conflicts with the
NRAS 536, 1018–1034 (2025) 
xpectations of previous studies (e.g. Ferrara et al. 2023 ; Wang
t al. 2023 ; Iocco & Visinelli 2024 ), as well as this work. Note
hat in models like GALFORM , scatter in the UV luminosity at a
iven halo mass arises automatically from the physics of galaxy
ormation, since haloes of the same mass have different assembly
istories, leading to different formation histories for the galaxies they 
ontain. 

The abo v e studies focused e xclusiv ely on the galaxy population
t high redshift and either employed empirical models (e.g. Ferrara
t al. 2023 ; Wang et al. 2023 ; Iocco & Visinelli 2024 ) or adopted
imple scalings in semi-analytic models (e.g. Yung et al. 2024 ). By
ontrast, here, we employ an ab initio model of galaxy formation
ased on physical principles rather than empirical prescriptions,
hich incorporates the effects of a variable IMF, dust etc. in a

elf-consistent way . Most importantly , our model follows galaxy
ormation and evolution throughout the whole of cosmic history and
ccounts for a wide range of observational data at all times, not just
t high redshift. 

 T H E  DESCENDANTS  AT  z = 0 O F  T H E  

I GH-REDSHI FT  JWST G A L A X I E S  

n Fig. 8 , we saw that the EvolFB model with a decreasing dust
ontent towards high redshift approximately match the high galaxy
bundance measured by JWST at z = 12 − 14. In this section, we
race the bright galaxies at z = 14 in the EvolFB model to z = 0
nd study the properties of the descendants of these high- z bright
alaxies. The results for the STD model are similar. 

To build up the sample, we first consider all the EAGLE–DMO
alaxies with M UV < −16 and M halo < 5 × 10 9 h 

−1 M � at z = 14.
ue to the larger volume of P–Millennium, we randomly select
 / 512 (the volume ratio of the two simulations) of the galaxies
ith M UV < −16 and M halo > 5 × 10 9 h 

−1 M � at z = 14 from P–
illennium to match the sample from EAGLE–DMO. Thus, we have

61 galaxies in total, co v ering a wide halo mass range. In the upper
eft panel of Fig. 10 , we show the distributions of the selected galaxies
red plus symbols) in the ( M UV , log M halo ) plane at z = 14. Apart
rom the expected increasing trend of M halo towards the UV-brighter
nd, we see that galaxies with larger halo masses exhibit a greater
catter in UV magnitude. 

The other panels of Fig. 10 show (i) the relation between stellar
ass and halo mass of the z = 0 descendants of the selected z = 14

right galaxies (upper right), (ii) the relation between the halo mass
f the selected z = 14 bright galaxies and their descendants at z = 0
lower left), and (iii) the relation between the stellar mass of the
elected z = 14 bright galaxies and their z = 0 descendants (lower
ight). The z = 14 galaxies are seen to typically reside in massive
aloes at z = 0, with the halo mass of the descendants spanning
 wide range, from 10 11 h 

−1 M � to 10 15 h 

−1 M � with a median of
2 . 5 × 10 13 h 

−1 M �, consistent with Chen, Mo & Wang ( 2023 ).
nterestingly, the stellar mass of the descendants spans an even wider
ange, from dwarfs of 3 . 2 × 10 6 h 

−1 M � to very massive galaxies of
 . 2 × 10 11 h 

−1 M �. 
We find that although nearly all selected galaxies were centrals

t z = 14 (159 out of 161 selected galaxies), o v er half (101 out of
61) become satellites (red circles) in more massive haloes at z = 0.
hese satellites are captured by massive haloes at different redshifts,
ave their gas stripped, star formation suppressed, and stellar mass
rowth stopped, resulting in the wide span of stellar mass at z = 0
een in the figure. The descendants of bright high- z galaxies that are
entrals at z = 0 populate the high-mass tail of the stellar–halo mass
elation of all central galaxies at z = 0. 
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Figure 10. Predicted properties of high- z ( z = 14) bright galaxies and their descendants at z = 0. Upper left : the distribution of bright galaxies [ M UV � −16, 
where M UV ≡ M AB (1500 Å) − 5 log h is the absolute UV magnitude of the galaxies at z = 14] in the ( M UV , M halo ) plane at z = 14. The red plus symbols 
indicate the distribution of randomly selected samples. The black dashed–dotted line indicates the threshold, M halo = 5 × 10 9 h −1 M �, abo v e which we take 
haloes from the P–Millennium simulation and below which we take haloes from EAGLE-DMO (see Section 2.1.1 for more details). Upper right : the correlation 
between halo mass and stellar mass of the z = 0 descendants of the randomly selected galaxies. The blue circles represent descendants that are centrals at z = 0 
and red ones show satellites at z = 0. The black curve indicates the halo mass–stellar mass relation for all centrals at z = 0 [for log ( M halo /h 

−1 M �) > 11 . 2]. 
Lower left : the correlation between the halo mass of the selected galaxies at z = 14 and their z = 0 descendants with blue circles representing galaxies which 
end up as centrals and red ones as satellites. Lower right : the correlation between the stellar mass of the selected galaxies at z = 14 and their descendants at 
z = 0 with symbols as in previous panels. The black dashed lines in the bottom two panels indicate y = x. Nearly all randomly selected high- z bright galaxies 
were centrals at z = 14. 
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We present the distributions of the bulge-to-total stellar mass 
atio ( B/T ) in Fig. 11 for (i) the z = 14 selected galaxies, (ii)
escendants at z = 0 which end up as central galaxies at z = 0,
nd (iii) descendants at z = 0 which are satellites at z = 0. As can
e seen, the selected z = 14 galaxies are typically extremely bulge-
ominated ( B/T ∼ 1). This reflects the fact that in the model, most
f these galaxies are starbursts triggered by either disc instabilities or
ajor galaxy mergers, and these processes are assumed to create new 

tars in the bulge and destroy any pre-existing stellar disc. At z = 0,
o we ver, B/T becomes on average lower than at z = 14, indicating
isc formation after z = 14. Galaxies which end up as satellites are
ore likely to have more disc-dominated morphologies than those 
hat become centrals. 
t

 C O N C L U S I O N S  A N D  DI SCUSSI ON  

umerous observational papers reporting the disco v ery of galaxies 
t very high redshift by JWST have claimed, with little justification,
hat the abundance and/or brightness of these galaxies cannot be 
ccommodated within the � CDM model (see references in the 
ntroduction). Here, we have compared pre-existing predictions for 
he UV luminosity functions of high-redshift galaxies to the JWST 

ata. These predictions, based on the Durham semi-analytic model 
f galaxy formation, GALFORM , applied to merger trees from the
–Millennium N -body simulation, were presented in Cowley et al. 
 2018 ) 5 yr prior to the launch of JWST . In this work, we compare
ALFORM predictions with JWST observations, using a combina- 

ion of the large-volume P–Millennium N -body simulation and 
MNRAS 536, 1018–1034 (2025) 
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M

Figure 11. Distributions of the bulge-to-total stellar mass ratio ( B/T ) of (i) 
the randomly selected sample at z = 14 (black), (ii) the descendants at z = 0 
of the selected samples which end up as central galaxies (blue), and (iii) the 
descendants at z = 0 of the selected samples which end up as satellites (red). 
The black dashed line indicates B/T = 0 . 5. 
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igh-resolution EAGLE–DMO) simulation. The predictions gener-
lly agree well with the data, particularly when the model is extended
o account for the fact that the time-scale for the growth of dust
rains is of the same order as the age of the Universe at the highest
edshifts probed by JWST , z � 12. We extended our original model
y considering two different ways for the dust-to-metal ratio, DTM,
epends on metallicity. Our main conclusions are: 

(i) The original GALFORM model of Cowley et al. ( 2018 ) success-
ully predicted the observed UV luminosity functions out to z ∼ 10,
ncluding the new data from JWST . 

(ii) At higher redshifts, z ∼ 12 − 14, the original model underpre-
icts the abundance of galaxies, especially at the bright end (Fig. 7 ).
f dust attenuation is ignored, ho we ver, the model matches the data
t z = 14 and o v erpredicts it at z = 12. Including either of the two
xtensions that consider the dust growth time-scale (particularly, the
- τ model) results in a close match to the UVLFs at all redshifts. 
(iii) The extended GALFORM model predicts the existence of a

izeable population of bright galaxies at z = 16, for example an
bundance of 
 10 −6 h 

3 Mpc −3 mag −1 at M UV = −19 (Fig. 8 ). 
(iv) A top-heavy IMF is essential to match the JWST UV lumi-

osity functions at high redshift (Fig. 9 ). 
(v) The galaxies seen by JWST at z = 14 have stellar masses

n a narrow range ( ∼ 10 6 − 10 7 h 

−1 M �) and reside in haloes with
 narrow range of mass ( ∼ 10 9 − 10 10 h 

−1 M �). In contrast, their
escendants at z = 0 span a wide range of stellar ( ∼ 3 . 2 × 10 6 −
 . 2 × 10 11 h 

−1 M �) and halo ( ∼ 10 11 − 3 . 2 × 10 14 h 

−1 M �) masses.
lthough the JWST galaxies are all central galaxies at z = 14, o v er
alf of them have become satellites in more massive haloes by the
resent day (Fig. 10 ). 
(vi) The z = 14 bright galaxies are typically bulge-dominated

 B/T ∼ 1), while their descendants at z = 0 have significant disc
omponents, especially those that end up as satellites (Fig. 11 ). 
NRAS 536, 1018–1034 (2025) 
We have shown in this paper that, contrary to many statements in
he recent literature, the galaxies disco v ered by JWST at very high
edshift are a natural expectation in the � CDM model. This result
as already anticipated in the predictions published by Cowley et al.

 2018 ) in advance of the observations, although to obtain a close
atch to the new data we had to extend the model to take into

ccount the growth time-scale of dust grains which is comparable to
he age of the universe at the highest redshifts probed by JWST . 

Current models of galaxy formation, be they semi-analytic or hy-
rodynamics simulations, include a number of adjustable parameters
hat describe uncertain physical processes and that must be fixed
‘calibrated’, in the language of hydrodynamics simulations). From
ts inception o v er 20 years ago, the strate gy for GALFORM has been
o fix those parameters by requiring agreement with a small subset
f data, predominantly at z = 0. Thus, outputs of the model at higher
edshifts are genuine theoretical predictions. Comparisons with new
ata may then require modifying the model. In our case, we had to
xtend the dust model, as described abo v e, in order to match the
bserved UV luminosity functions at z = 14. The results for even
igher redshifts presented here are our new predictions that await
esting against data. A remarkable outcome of this work is that we
ave presented a model that matches a wide variety of observed
alaxy properties and scaling relations, not only at the redshifts of
he new JWST data but at all redshifts, including the present day. 
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