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A B S T R A C T 

Early JWST observations hav e rev ealed substantial numbers of galaxies out to redshifts as high as z � 14, reflecting a slow 

evolution of the galaxy ultraviolet (UV) luminosity function (LF) not anticipated by many models of galaxy evolution. The 
disco v ery of fairly massive galaxies at early times has again been viewed as a challenge to our understanding of early galaxy 

gro wth or e ven Lambda cold dark matter ( � CDM) cosmology. Here, we develop and test a simple theoretical model which shows 
that these observations are unsurprising, but instead are arguably as expected if one assumes a non-evolving halo-mass dependent 
galaxy-formation efficiency consistent with that observed today . Crucially , this model matches the observed galaxy UV LF at 
z � 6 − 13 and the galaxy stellar mass function (GSMF) at z � 6 − 8. Using new constraints on Lyman continuum escape and 

the ionizing photon production efficiency, we also predict the progress of cosmic hydrogen reionization consistent with current 
observations. The requirement to fit both the UV LF and the GSMF breaks the de generac y between mass-to-light ratio and 

star-formation efficiency, where the typical mass-to-light ratio of galaxies increases systematically with redshift beyond z � 6. 
Ho we ver, at present this does not require changes to the initial mass function (IMF), cosmic dust, or any other new astrophysics. 
Rather, the current data can be reproduced simply by assuming ever-younger stellar populations consistent with a formation 

epoch at z � 15. A key prediction of our model therefore is that there should be a more rapid drop-off in the galaxy number 
density beyond z � 15, where one can no longer appeal to ever younger ages to offset the precipitous descent of the halo mass 
function. 

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  

n only its first 2 yr of operation, JWST has already significantly
dvanced our knowledge of galaxy evolution back into the first 
00 Myr of cosmic time, producing a wealth of new observational 
esults which have revolutionized, and in some cases challenged our 
nderstanding of early galaxy formation and growth. 
Thanks to its sensitivity and extended near-infrared wavelength 

o v erage (out to λ � 5 μm) the Near Infrared Camera (NIRCam)
nstrument on JWST has produced the first robust detections of 
ignificant numbers of galaxies at redshifts z > 10 (e.g. Adams et al.
022 ; Castellano et al. 2022 ; Naidu et al. 2022 ; Harikane et al.
023 ; Donnan et al. 2023a , b ; Finkelstein et al. 2023 ). This has in
urn enabled the first robust measurements of the evolving galaxy 
ltraviolet (UV) luminosity function (LF) at z = 9 − 15, revealing 
 perhaps surprisingly gradual evolution of the LF o v er this redshift
ange (e.g. Adams et al. 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Donnan
t al. 2024 ; McLeod et al. 2024 ). A number of the new high-redshift
alaxy candidates have also been spectroscopically confirmed using 
he Near Infrared Spectrograph (NIRSpec) instrument (now up 
o z � 14 . 2) (e.g. Arrabal Haro et al. 2023 ; Bunker et al. 2023 ;
urtis-Lake et al. 2023 ; Carniani et al. 2024a ) as well as the
tacama Large Millimeter/submillimeter Array (ALMA) (Schouws 
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t al. 2024 ).Although the relatively slow evolution of the galaxy
opulation out to extreme redshifts is consistent with some pre- JWST
redictions from simulations (Wilkins et al. 2023 ) and observational 
xtrapolations (McLeod, McLure & Dunlop 2016 ), it is undeniably in
ension with a number of pre- JWST models, particularly at the bright
nd (e.g. Mason, Trenti & Treu 2015 ; Tacchella et al. 2018 ; Yung et al.
019 ). 
Several alterations to the physical properties of galaxies at early 

imes have been proposed in order to explain the high-redshift 
volution of the galaxy UV LF. First, changes in the star-formation
fficiency as a function of redshift have been invoked. For example
arikane et al. ( 2023 ) suggest that a constant efficiency model (based
n that from Harikane et al. 2022 ) is unable to match the cosmic
tar-formation rate density ( ρSFR ) at z > 10. The implication is that
n increase in star-formation efficiency with increasing redshift is 
equired in order to match the observed pre v alence of UV-luminous
alaxies at z ≥ 10. 

Secondly, much reduced dust attenuation has been suggested 
o explain the bright-end of the UV LF at z = 11 (e.g. Ferrara,
allottini & Dayal 2023 ) with it being proposed that any dust created

n early galaxies could possibly (at least temporarily) be ejected 
ue to the extreme physical conditions associated with early galaxy 
ormation. A lack of dust at extreme redshifts is also consistent with
easurements of the UV continuum slopes of galaxies at z = 11

derived from JWST /NIRCam photometry) which are, on average, 
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onsistent with β � −2 . 5 (e.g. Morales et al. 2023 ; Topping et al.
023 ; Cullen et al. 2024 ). 
Another fundamental scaling relation is the galaxy stellar mass

unction (GSMF) which directly traces the product of star formation
cross cosmic time. By measuring the GSMF, one can obtain a
irect probe of past star formation which, given the relatively
hort time-scales involved at high redshifts, can be related to star-
ormation efficiency as a function of dark matter halo mass. Precise
easurement of the GSMF requires photometry of the rest-frame

ptical light from galaxies in order to provide accurate stellar
ass measurements for individual galaxies. Using Hubble Space

elescope ( HST) as well as ground-based observations, the GSMF
as previously measured up to z � 3 by a number of studies (e.g.
uzzin et al. 2013 ; Mortlock et al. 2015 ; McLeod et al. 2021 ; Weaver

t al. 2023 ). Ho we ver, at z ≥ 3, measurements of the GSMF pro v ed
ore challenging because, prior to the launch of JWST , this could

nly be achieved using relatively low resolution Spitzer Infrared
rray Camera (IRAC) observations to probe the rest-frame optical

t higher redshifts (e.g. Grazian et al. 2015 ; Song et al. 2016 ;
tefanon et al. 2021 ). Ho we ver, no w JWST has enabled a number of
ew measurements of the GSMF, with the sensitivity and exquisite
ngular resolution of NIRCam at λ � 1 − 5 μm enabling the first
obust measurements of the GSMF o v er the redshift range z = 3 − 8
Harv e y et al. 2024 ; Shuntov et al. 2025 ; Weibel et al. 2024 ). The
isco v ery of at least some v ery massiv e galaxies at these early times
as again led to the suggestion that increases in star-formation
fficiency are required to explain their existence (e.g. ε ∼ 0 . 2;
hworowsky et al. 2024 ), with some authors even suggesting that

he most extreme examples present a challenge to the standard
ambda cold dark matter ( � CDM) cosmological model (e.g. ε ∼
 . 8 − 1 . 0; Labb ́e et al. 2023 ; Glazebrook et al. 2024 ; Shuntov et al.
025 ). 
Finally, there have been suggestions that there is an ionizing photon

udget crisis (Mu ̃ noz et al. 2024 ) in the sense that some recent JWST
esults appear to imply that too many ionizing photons were produced
t early times to be consistent with measurements of the evolving
eutral fraction of the intergalactic medium (e.g. Nakane et al. 2024 ;
ang et al. 2024 ) including the requirement that reionization is not
ully completed until z � 5 . 5 (Bosman et al. 2021 ). 

Given the recent advances in the observational determinations of
oth the UV LF and the GSMF, it is clearly important to generate
 theoretical framework that can simultaneously explain the form
nd evolution of both of these fundamental scaling relations. In this
aper, we expand upon and further develop the model introduced in
onnan et al. ( 2024 ) to explore whether a simple theoretical model

an reproduce the JWST constraints on the UV LF, the GSMF, and
he timeline of reionization at z = 6 − 13. This can be viewed as a
est of the extent to which current observational data really do require
he introduction of more complex/changing astrophysics to explain
he new results on early galaxy evolution emerging from JWST . 

The paper is structured as follows. In Section 2 , we initially
odel the GSMF and compare to the latest observational con-

traints. In Section 3 , we further develop the model to generate
he UV LF at z = 6 − 13. In Section 4 , we then introduce dust
ttenuation to our model of the UV LF and present the implied
V attenuation −stellar mass relation. In Section 5 , we then explore

he predictions of our model for the progress of cosmic hydro-
en reionization. In Section 6 , we then discuss the implications
f our theoretical model for star-formation efficiency, high-mass
eedback, dust attenuation, and the ionizing photon budget. Finally,
n Section 7 we summarize our conclusions. Throughout we use
agnitudes in the AB system (Oke 1974 ; Oke & Gunn 1983 ),
NRAS 539, 2409–2423 (2025) 
 Chabrier ( 2003 ) initial mass function, and assume a standard
osmological model with H 0 = 70 km s −1 Mpc −1 , �m 

= 0 . 3 and
� 

= 0 . 7. 

 M O D E L L I N G  T H E  STELLAR  MASS  

U N C T I O N  

.1 The star-formation efficiency 

e begin by constructing a model of the GSMF which we describe
n this section. To construct this simple model we first calculate the
volving dark matter halo mass function (HMF) using HMFCALC

Murray, Power & Robotham 2013 ) where we use the model of Reed
t al. ( 2007 ). A number of alternative models of the HMF are available
hich scatter across a range of ∼0.15 dex at z = 0. This scatter

ncreases with redshift with a ∼0.35 dex scatter at z = 10 rising to a
catter of ∼0.45 dex at z = 13. We adopt the Reed et al. ( 2007 ) model
pecifically because this is lies in the centre of this scatter o v er the
alo mass range of concern. The Reed et al. ( 2007 ) model was also
pecifically determined by simulating haloes at z = 10 − 30 making
t ideal for this work. 

We model the star-formation efficiency as a function of halo
ass, ε( M h ) through the stellar-to-halo mass relation (SHMR). This

elates the stellar and halo masses, incorporating the universal baryon
raction, f b = 0 . 167, through the relation 

M ∗
M h 

= ε( M h ) f b , (1) 

hich assumes that the efficiency, ε, is purely dependent on the mass
f a galaxy’s host dark matter halo. We then adopt a functional form
or ε( M h ) using the double power-law relationship from Tacchella
t al. ( 2018 ): 

( M h ) = 2 ε0 

[ (
M h 

M c 

)−β

+ 

(
M h 

M c 

)γ
] −1 

, (2) 

here ε0 is the peak efficiency, M c is the characteristic mass (the
ass at ε0 ), β is the low-mass slope, and γ is the high-mass slope.
e initially use ( ε0 , M c / M �, β, γ ) = (0 . 16 , 10 11 . 7 , 0 . 9 , 0 . 65), as

his is the parametrization used in Donnan et al. ( 2024 ). This relation
s shown by the solid red line in Fig. 1 . We also show in Fig. 1
he observational constraints on the z � 0 SHMR as compiled by

echsler & Tinker ( 2018 ) with the uncertainty captured by the grey
haded region. 

We then also compare our initial adopted relation to the predictions
rom a number of alternative models. These alternative models
o v er a large range of efficiencies and include some that are clearly
nconsistent with the z = 0 relation. It can be seen that Tacchella et al.
 2018 ) assume a significantly greater efficiency ( ∼1 dex) whereas
he model from Mason et al. ( 2015 ) is moderately lower and the

odels from Sun & Furlanetto ( 2016 ) and Harikane et al. ( 2022 ) are
ignificantly lower. For the semi-analytical model from Yung et al.
 2019 ), we plot their z = 10 relation. Another feature of these models
s that they assume a rather low efficiency for massive dark matter
aloes ( M h > 10 11 . 7 M �) compared to both our initially adopted
odel and indeed the relation at z = 0. These models had been

pecifically designed to model the UV LF at z = 4 − 10. Ho we ver,
he UV LF is not a direct tracer of star-formation efficiency as the UV
uminosity of a galaxy is dictated by more than simply its stellar mass
e.g. stellar age, star-formation history). Therefore, although these
odels all assume significantly different star-formation efficiencies,

hey often still yield similar final UV LFs at z = 4 − 10 due to
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Figure 1. The adopted (redshift independent) star-formation efficiency ( ε) as 
a function of halo mass in our model from Donnan et al. ( 2024 ) (solid red line) 
compared to the corresponding relations in the models from Sun & Furlanetto 
( 2016 ), Tacchella et al. ( 2018 ), Harikane et al. ( 2022 ), Yung et al. ( 2019 ), 
and Mason et al. ( 2015 ). The dashed grey line shows the z = 0 . 1 Behroozi, 
Conroy & Wechsler ( 2010 ) stellar-to-halo mass relation (SHMR) which is 
identical to the relation adopted here at high masses. The low-mass form of 
our adopted relation is chosen to better track the observational constraints 
on the SHMR at z = 0 (Wechsler & Tinker 2018 ), the uncertainty in which 
is shown here by the grey shaded region. The red dashed line shows our 
alternative adopted star-formation efficiency ( ε) model with no high-mass 
feedback, a model which we explain further in Section 2.3 but ultimately 
reject in Section 3 . 
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hese degeneracies. This is important to note since, as discussed 
ater in Section 6.1 , these models have led to claims that a constant
tar-formation efficiency model fails to reproduce the now well- 
onstrained UV LF at z > 10 (e.g. Harikane et al. 2023 ; Tacchella
024 ). Ho we ver, we re-emphasize here that, as demonstrated in
ig. 1 , there are in fact very substantial differences in what form
ny proposed constant star-formation efficiency is assumed to take. 

.2 Obser v ational constraints on the GSMF 

iven that there are such significant differences between the star- 
ormation efficiency relations assumed by different models, breaking 
he de generac y between an y evolution in the efficiency function and,
or example changing mass-to-light ratios in galaxies requires direct 
ests of the evolving GSMF predicted by the different models. Using 
he ε( M h ), halo mass can be converted to a stellar mass, M ∗, by: 

 ∗ = ε( M h ) f b M h . (3) 

he galaxy number density as a function of stellar mass is then given
y: 

d n 

d log ( M � ) 
= 

d log ( M h ) 

d log ( M � ) 
× d n 

d log ( M h ) 
. (4) 

herefore, by assuming a form for the HMF, we can derive a
odel of the GSMF using a functional form for ε( M h ). This allows
easurements of the GSMF to directly establish the star-formation 

fficiency, hence enabling direct tests of our model as well as those
resented in the literature. 
With sensitive imaging at λ > 2 μm, JWST now allows robust
easurement of the GSMF at z = 6 − 8. In Fig. 2 , we compare our
odel prediction for the evolving GSMF at z = 6 − 8 to the latest
bservational measurements from a number of pre- JWST (Duncan 
t al. 2014 ; Grazian et al. 2015 ; Stefanon et al. 2021 ) and now JWST
easurements (Harv e y et al. 2024 ; Shunto v et al. 2025 ; Weibel et al.

024 ). This demonstrates that our model is able to closely match
he observational data points of the GSMF at z = 6 − 8. This also
onfirms that the simple assumption of a star-formation efficiency 
unction unchanged from that observed at z = 0 is sufficient to
uccessfully reproduce the GSMF out to the highest redshifts for 
hich robust measurements have so far been achieved. Crucially, 
o we ver, Fig. 2 also demonstrates that several of the other models in
he published literature, while designed to potentially reproduce the 
 = 4 − 8 UV LF, clearly fail this fundamental GSMF test. 

.3 The effect of removing high-mass feedback 

lthough the star-formation efficiency function used in Donnan 
t al. ( 2024 ) is successfully able to broadly match the observational
easurements of the GSMF at z = 6 − 8, this ε( M h ) was designed

rimarily to reproduce the UV LF at z ≥ 9 where the halo masses
f interest lie below the peak of the star-formation efficiency rela-
ion (i.e. log ( M h / M �) � 11 . 7). Therefore, in that work we simply
ssumed a high-mass slope equal to that of the z = 0 . 1 SHMR from
ehroozi et al. ( 2010 ) of γ = 0 . 65. Ho we ver, at z ≥ 7 there have
een suggestions that it may make sense to invoke a lack of high-
ass feedback at early times to explain the excess in the bright-end

f the UV LF (compared to a Schechter function) through increased
tar-formation rates at a given halo mass (e.g. Bowler et al. 2017 ,
020 ; Stefanon et al. 2019 ). Given that the GSMF is a more direct
robe of the star-formation efficiency and now that it has been better
etermined at z = 6 − 8, we are able to test if the high-redshift
orm of the GSMF does indeed require less high-mass feedback than
t later times. To explore this we introduce an alternative form of
( M h ) in which a constant value of ε( M h ) = 0 . 17 is assumed for
og ( M h / M �) > 11 . 7, thus essentially removing all feedback within
igh-mass haloes. This modification is illustrated in Fig. 1 by the
ashed red line which, for simplicity, has the same functional form for 
( M h ) as our original version at lower masses, log ( M h / M �) < 11 . 7.

From Fig. 2 it can be seen that, for the majority of the stellar
ass-range probed by the observational measurements of the GSMF, 

he removal of high-mass feedback has no effect because these 
bservations probe modest halo masses of log ( M h / M �) < 11 . 7.
o we ver, the highest mass bins at z = 7 in particular are more closely
atched by our model with high-mass feedback remo v ed. Therefore,

ne might conclude that there is tentative evidence in fa v our of the
emoval of high-mass feedback at z = 7. 

Ho we ver, caution is required when comparing to observations of
he high-mass end of the GSMF. First, the high-mass end of the
SMF is vulnerable to Eddington bias (Eddington 1913 ). When 
easuring the GSMF, each galaxy in the sample has a stellar mass
easurement with an associated uncertainty. This means that when 
easured, galaxies scatter abo v e and below the true stellar mass

alue. Since there are a lot more low-mass galaxies than high-mass
alaxies (as the GSMF declines steeply at high mass), then more
f the low-mass galaxies scatter upwards than high-mass galaxies 
catter downwards, resulting in an artificial boosting of the number 
ensities of galaxies in the high-mass bins. 
Secondly, the galaxy number densities in the highest mass bins are

nevitably highly uncertain because they are often based on a very
mall number of galaxies, or in extreme cases even the proposed
resence of a single high-mass source. This is particularly true for
he high-mass bins from Shuntov et al. ( 2025 ). Therefore, even a
mall number of contaminants (e.g. due to erroneous photometric 
MNRAS 539, 2409–2423 (2025) 
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M

Figure 2. Our model predictions for the evolving galaxy stellar mass function (GSMF) at z = 6 − 8 based on the two alternative models of ε( M h ) presented in 
Fig. 1 ) are shown in each panel by the red lines (where the dashed version indicates the removal of high-mass feedback). Also shown by data points identified in 
the legend are the latest observational measurements of the GSMF from Duncan et al. ( 2014 ), Grazian et al. ( 2015 ), Stefanon et al. ( 2021 ), Harv e y et al. ( 2024 ), 
Shuntov et al. ( 2025 ), and Weibel et al. ( 2024 ). The predictions of the GSMF using the alternative ε( M h ) relations shown in Fig. 1 from Tacchella et al. ( 2018 ), 
Harikane et al. ( 2022 ), Yung et al. ( 2019 ), Sun & Furlanetto ( 2016 ), Mason et al. ( 2015 ), and Behroozi et al. ( 2010 ) are shown by the various fainter coloured 
dashed lines for comparison. All stellar masses have been adjusted to assume a Chabrier ( 2003 ) initial mass function. 
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edshifts) can drastically change the measured number density at
og ( M � / M �) � 10 . 6. Ultimately, there are not yet enough confirmed
alaxies with log ( M � / M �) � 10 . 6 at z ≥ 6 to place meaningful
onstraints on the GSMF in this mass range. Increased surv e y areas
ith enhanced filter co v erage are required to robustly test the need

or high-mass feedback through direct comparison with the high-
edshift form of the GSMF. In Section 3, we present another test of
he need for high-mass feedback using our model of the intrinsic UV
F. 

 T H E  G A L A X Y  U V  LUMINOSITY  F U N C T I O N  

.1 Obser v ational measurements of the UV luminosity function
t z = 6 − 13 

he next stage of the model is to convert the GSMF into a galaxy UV
F in order to compare our model to observational measurements of

he UV LF at z = 6 − 13. 
The UV LF at z ≥ 6 has primarily been measured using pho-

ometric surv e ys from space-based telescopes (e.g. HST , JWST ).
rior to the launch of JWST , there existed a general consensus o v er

he measured form of the UV LF at z = 6 − 8, as described by an
volving Schechter function with a fairly steep faint-end slope of
� −1 . 8 (e.g. Bouwens et al. 2007 , 2021 ; McLure et al. 2009 ,

010 ). Ho we ver, HST data alone were unable to probe the bright-end
f the UV LF ( M UV � −21 . 5) due to the limited area of HST surv e ys.
ortunately, wider-area ground-based surveys were able to probe this

uminosity range, hence enabling measurements of the bright-end of
he UV LF, at least out to z � 9. 

Therefore, in this work we include the latest ground-based
onstraints on the bright-end of the UV LF in combination with
 representative fainter data set from space-based surv e ys at each
edshift. This forms the data set that we use to model the UV LF.
t z = 6 we use the HST measurements from Bouwens et al. ( 2021 )
ith the ground-based data from Bowler et al. ( 2015 ). At z = 7 we
se the data from McLure et al. ( 2013 ) in combination with that
rovided by Bowler et al. ( 2017 ) and Varadaraj et al. ( 2023 ). At
 = 9 we use the data from McLure et al. ( 2013 ) combined with that
rom Bowler et al. ( 2020 ) and Donnan et al. ( 2023a ). At z ≥ 9 we use
he JWST measurements from Donnan et al. ( 2024 ) including bright-
NRAS 539, 2409–2423 (2025) 
nd constraints at z = 9 from Bowler et al. ( 2020 ) and Donnan et al.
 2023a ). 

.2 Modelling the UV luminosity function 

o convert our model of the GSMF into a predicted UV LF, we
ssume a redshift-dependent mass-to-light ratio given by a linear
elationship between M UV and M � : 

 UV = M UV , ∗ − 2 . 5 
[
log 10 ( M � / M �) − 9 

]
, (5) 

here M UV , ∗ is the rest-frame UV absolute magnitude corresponding
o log 10 ( M � / M �) = 9. This relationship is therefore defined by the
V luminosity which is assumed to be produced by a star-forming
alaxy with a stellar mass of M � = 10 9 M �. To determine this we
erform a χ2 minimization fit to the faint-end of the UV LF data
oints ( M UV > −19) where, at z = 6 − 13, the galaxy population
an be reasonably expected to be virtually dust-free and therefore
he observed UV flux density from these fainter galaxies can be
ssumed to be unattenuated by dust. The resultant M UV , ∗ required
or our model to reproduce the UV LF as a function of redshift
s noted in the second column of Table 1 . The M UV for a galaxy
f a given stellar mass can then be linked to the age of the stellar
opulation within that galaxy, since a younger stellar population at
xed stellar mass has an increased UV luminosity and hence a more
e gativ e absolute magnitude. 
To determine the stellar age associated with the required M UV for

 stellar mass of log 10 ( M � / M �) = 9 at each redshift, we employ
tellar population synthesis codes. In this approach, we assume that
t a given redshift the average age of a galaxy is independent of it’s
tellar mass. We use two different codes in this work in order to
xplore the feasibility of and uncertainty in our approach. First, we
se a BC03 stellar population model (Bruzual & Charlot 2003 ) with
 constant star-formation history and a metallicity of Z = 0 . 2 Z �.
econd, we use THE BINARY POPULATION AND SPECTRAL SYNTHESIS

ode ( BPASS ; Eldridge et al. 2017 ) with a constant star-formation
istory but with a lower metallicity of Z = 0 . 05 Z �. We determine
his initially with the stellar continuum only before recalculating
he model with an added contribution of the nebular continuum.
he relationships between UV magnitude and the stellar mass-
eighted age for a galaxy of log 10 ( M � / M �) = 9 for each model
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Table 1. The age-dependent UV magnitude mapping to stellar mass as a function of redshift for our model. 
The first column is the redshift. The second column is the UV absolute magnitude, M UV , that corresponds to a 
stellar mass of log ( M ∗/ M �) = 9 determined by the mass-weighted age given in the third column for a BC03 
stellar population model (Bruzual & Charlot 2003 ) with a metallicity of Z/ Z � = 0 . 2 . The fourth column is 
the inferred mass-weighted age for a BPASS (Eldridge et al. 2017 ) model with metallicity of Z/ Z � = 0 . 05 with 
only a stellar continuum. Finally, the fifth column is the mass-weighted age for a BPASS (Eldridge et al. 2017 ) 
model with metallicity of Z/ Z � = 0 . 05 with both a stellar and nebular contribution to the continuum. 

Age/Myr Age/Myr Age/Myr 
z M UV /AB mag BC03 BPASS St. only BPASS St. + Neb. 

6 −20 . 59 140 91 128 
7 −20 . 99 89 58 85 
8 −21 . 03 86 56 82 
9 −21 . 14 75 49 74 
10 −21 . 76 36 24 39 
11 −22 . 74 10 7 14 
12.5 −23 . 27 2.5 3 8 

Figure 3. Predicted galaxy UV absolute magnitude as a function of stellar 
mass-weighted age for a BC03 stellar population model (Bruzual & Charlot 
2003 ) with a constant star-formation history and a metallicity of Z = 0 . 2 Z �
(blue), alternatively for a BPASS model (Eldridge et al. 2017 ) with a constant 
star-formation history and a metallicity of Z = 0 . 05 Z � with a stellar 
continuum (light green) and stellar + nebular continuum (dark green). 
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re shown in Fig. 3 . This demonstrates that, for galaxies with ages
 3 Myr, the stellar only BPASS model consistently produces fainter 
V magnitudes whereas this comparison reverses for ages � 5 Myr 

or the stellar only model. Alternatively, for a given UV magnitude, 
he BPASS model produces younger stellar ages for M UV � −23. For
he BPASS model with the addition of nebular continuum, the ages 
re similar to the BC03 model at M UV � −23 but allow moderately
lder ages for M UV � −23. For the M UV , ∗ at each redshift, the BC03
nd BPASS ages are noted in the latter two columns in Table 1 . 

.3 Predictions for high-redshift sub-millimeter galaxies 

sing our model of the intrinsic UV LF (i.e. without any dust
ttenuation, as shown in Fig. 4 at z = 6 , 7 , 8 , 9 , 10 , 11 , 12 . 5) we
erform another test of the evidence for and against high-mass 
eedback in high-redshift galaxies. In this case, we estimate the 
umber of heavily dust-obscured galaxies that would be detectable 
y sub-mm surv e ys under either scenario. These are galaxies that
ontain significant levels of dust attenuation making them extremely 
aint in the UV and therefore potentially absent from observations 
f the bright end of the UV LF. Ho we v er, an y such highly star-
orming galaxies which are largely attenuated in the rest-frame UV 

hould be revealed at sub-mm wavelengths due to the re-emission 
f the absorbed UV light by warmed dust grains in the rest-frame
ar-infrared. 

To estimate the pre v alence of bright sub-mm sources at high
edshifts, inferred from the need to ef fecti v ely remo v e them from
he bright end of the UV LF through dust obscuration, we proceed
s follows. 

For simplicity, we consider only galaxies at z = 6 − 8 which
ur model predicts to have an intrinsic unobscured UV absolute 
agnitude brighter than M UV = −24 . 98. This choice was made in

rder to capture the number density of galaxies which have an SFR
300 M �yr −1 according to the conversion factor given by Madau &

ickinson ( 2014 ). Specifically, we use the relation: 

FR = K UV L UV , (6) 

here K UV = 0 . 70 × 10 −28 M � yr −1 /erg s −1 Hz −1 [adjusted to a
habrier ( 2003 ) initial mass function] and L UV is the UV luminosity.
Ne xt, we e xploit the work of Dunlop et al. ( 2017 ) who derived

 relationship between the infrared-visible SFR and observed flux 
ensity at λ = 1 . 3 mm ( S 1 . 3 ) by fitting the characteristic spectral
nergy distribution (SED) of the ALMA-detected sources in the 
ubble Ultra Deep Field (HUDF) across the wavelength range 
4 μm − 1 . 3 mm giving: 

FR / M �yr −1 � 0 . 3 S 1 . 3 /μJy , (7) 

We then simply assume that the intrinsic UV-derived SFR is equal
o the actual infrared-inferred SFR to determine the flux density 
t 1 . 3 mm (a very reasonable assumption for highly obscured star-
orming galaxies). For SFR � 300 M �yr −1 we derive a 1 . 3 mm flux-
ensity estimate of S 1 . 3 � 1 . 0 mJy. We then assume a functional
orm for the shape of the far-infrared SED such that f ν ∝ ν3 to
etermine the equi v alent flux density at λobs = 850 μm. This results
n a value of S 850 � 3 . 6 mJy which enables comparison to SCUBA-
 surv e ys which hav e typically achiev ed 4 σ detections and hence
ublished source catalogues down to this 850 μm flux density (e.g.
2COSMOS, AS2UDS; Simpson et al. 2019 ; Dudzevi ̌ci ̄ut ̇e et al.
020 ). 
Finally, we then integrate our model of the intrinsic UV LF at

 = 6 − 8 to a limit of M UV = −24 . 98 to determine the number of
alaxies that would be detectable in a 850 μm surv e y down to a flux
ensity of S 850 = 3 . 6 mJy. 
MNRAS 539, 2409–2423 (2025) 
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M

Figure 4. A comparison of our models of the UV luminosity function (UV LF) to observational measurements from McLure et al. ( 2013 ), Bowler et al. ( 2015 ), 
Bouwens et al. ( 2021 ), Varadaraj et al. ( 2023 ), and Donnan et al. ( 2023a , 2024 ). The dashed blue line shows our intrinsic dust free model assuming the form of 
star-forming efficiency ε( M h ) established by Donnan et al. ( 2024 ). The dashed orange line shows the dust-free model assuming the Donnan et al. ( 2024 ) ε( M h ) 
model is altered to contain no high-mass feedback. The solid green line shows the final model with dust attenuation. 
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Figure 5. The UV dust attenuation at λrest = 1500 Å as a function of stellar 
mass derived in our model at each redshift. The z = 2 relation from McLure 
et al. ( 2018 ) is shown by the solid grey line. The dashed lines show the 
horizontal extrapolation at high stellar masses. The thick solid blue line 
shows the mean A 1500 − M � relation at 6 ≤ z ≤ 9 whereas the thick solid red 
line shows the mean A 1500 − M � relation at 10 ≤ z ≤ 12 . 5. 
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We compare our model predictions to the AS2UDS surv e y which
etected 364 SMGs across ∼1 deg 2 in the UDS field with S 850 μm 

≥
 . 6mJy based on ALMA follow-up of the original Submillimetre 
ommon-User Bolometer Array 2 (SCUBA-2) Cosmology Le gac y 
urv e y of the UDS field (Dudzevi ̌ci ̄ut ̇e et al. 2020 ). They report that

wo of these sources at z > 5 . 5 indicating a number density of ∼2
alaxies deg −2 with S 850 μm 

= 3 . 6mJy at z > 5 . 5. This is consistent
ith the more recent JWST analysis of the S2COSMOS sample in 
OSMOS-Web (Casey et al. 2023 ) which revealed two sources (at 
 = 5 . 5 − 8 . 5) across 0.54 deg 2 with a flux density S 850 > 2 m Jy
McKinney et al. 2025 ). In this case these two sources have been
pecifically noted in the literature with AzTECC71 at z phot = 5 . 7 ±
 . 6 (McKinney et al. 2023 ) and MAMBO-9 at z spec = 5 . 850 (Casey
t al. 2019 ).Their measurements therefore suggest ∼3–4 sources 
ith S 850 > 2 mJy de g −2 . Giv en the somewhat increased depth used

n this study compared to our calculation and the presence of an
 v erdensity at z = 6 in which one of these sources apparently resides
Brinch et al. 2024 ), it is consistent with the number density from the
S2UDS surv e y. We note ho we ver, that both the proposed z > 5 . 5

ources in the A2UDS surv e y only have photometric redshifts, and
hat our own photometric redshift analysis of this same sample in fact
ields no sources with z > 5 . 5. Meanwhile, of the two claimed z >
 . 5 sources in S2COSMOS sample, only the redshift of AzTECC71
an be considered secure. It is thus reasonable to adopt an estimate
f 1 source deg −2 with z > 5 . 5 at the S 850 μm 

= 3 . 6mJy level. 
Our model, including continued high-mass feedback (as seen at 

ow redshift) at high redshift yields a prediction of � 0 . 3 galaxies
ith S 850 > 3 . 6 mJy deg −2 , completely consistent with the available

ub-mm surv e y results. Ho we v er, with high-mass feedback remo v ed,
e predict � 4 galaxies with S 850 > 3 . 6 mJy deg −2 , less consistent
ith the data. Accepting the una v oidable crudeness of this com-
arison, this demonstrates that the number density of bright sub- 
m galaxies can be used to place constraints on the star-formation

fficiency in high-mass haloes ( M h � 10 11 . 7 ) at early times. In this
ase the av ailable e vidence continues to support the necessity of high-
ass feedback, at least out to z � 6, or at the very least provides no
oti v ation for increasing efficiency at high masses. 

 DUST  A  TTEN UA  T I O N  

iven that the intrinsic, dust-free, model is able to successfully 
eproduce submillimeter number counts, we now consider whether 
he introduction of a physically plausible relationship between stellar 

ass and dust attenuation can accurately reproduce the observed UV 

F. In Donnan et al. ( 2024 ), we accounted for the impact of dust by
ssuming the A 1500 − M � relation derived for star-forming galaxies 
t 2 < z < 3 by McLure et al. ( 2018 ). In this study, we attempt to
irectly measure the A 1500 − M � relation as a function of redshift
y forcing agreement between the intrinsic, dust-free, UV LF model 
nd the observed data (as shown in Fig. 4 ). 

To determine the level of UV attenuation as a function of stellar
ass, we calculate the difference between the intrinsic model of 

he UV LF and the observational data at the corresponding number 
ensity. The resulting predictions for the A 1500 − M � relation as a 
unction of redshift are shown in Fig. 5 , along with the z � 2 . 5
elation from McLure et al. ( 2018 ). 

Due to the double power law (DPL) functional form used to fit
he observed UV LF, our adopted method produces a physically 
nrealistic turn-o v er in the derived A 1500 − M � relation at stel-
ar masses of log ( M � / M �) � 10, corresponding to absolute UV

agnitudes well beyond the bright end of the observed UV LF
ata. Consequently, at each redshift, we implement a horizontal 
xtrapolation at stellar masses greater than the peak of the derived
 1500 − M � curv e. This e xtrapolation, shown as the dashed lines

n Fig. 5 , begins at log ( M � / M �) � 10 for redshifts z = 6 − 9 and
t log ( M � / M �) � 9 . 9 , 9 . 8 , 9 . 6 for z = 10 , 11 and 12.5, respectively.
he final UV LF models, incorporating the derived dust attenuation at 
ach redshift, are plotted as the solid green lines in Fig. 4 . By design,
here is good agreement between the models and the observational 
ata points across the range of UV magnitudes constrained by the
vailable data. 

The individual redshift relations for A 1500 − M � shown in Fig. 5
o not display a clear monotonic evolution with redshift although, 
t fixed stellar mass, there is a tentative trend towards lower dust
ttenuation at earlier times. This trend is made clearer when con-
idering the mean A 1500 − M � relations in the range 6 ≤ z ≤ 9 and
0 ≤ z ≤ 12 . 5, shown as the solid blue and red curv es, respectiv ely.
iven the uncertainties involved, it is difficult to draw any firm

onclusions on the functional form of the derived A 1500 − M � 

elations. Ho we v er, the y appear physically plausible and, at least
ithin the stellar-mass range that is best constrained by the available
ata (i.e. 8 . 5 ≤ log ( M � / M �) ≤ 9 . 5), have a similar gradient to the
 � 2 . 5 relation from McLure et al. ( 2018 ) which was derived using
 completely different method. 

 COSMI C  H Y D RO G E N  R E I O N I Z AT I O N  

onstraining the timeline of reionization continues to be a key goal
f extragalactic astronomy. Although there is general consensus that 
eionization was completed by z � 5 . 5 − 6 (Robertson et al. 2015 ;
osman et al. 2021 ), the evolution of the neutral hydrogen fraction
 X H I ) at higher redshifts is still open to question. Fundamentally, the
imeline of reionization is go v erned by the balance between the rate
t which ionizing photons are produced and escape into the inter-
alactic medium (IGM) and the hydrogen recombination rate. The 
ate at which ionizing photons escape into the IGM is given by: 

˙ ion = f esc ξion ρUV , (8) 
MNRAS 539, 2409–2423 (2025) 
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here f esc is the escape fraction of Lyman continuum radiation,
ion is the ionizing photon production efficiency, and ρUV is the
V luminosity density . Consequently , by performing a luminosity–
eighted integral of our UV LF models to measure ρUV , it is possible

o estimate ṅ ion as a function of redshift, based on assumed values
f f esc and ξion . When calculating ρUV , we integrate our UV LF
odels to a common limit of M UV = −13, as is typically done
hen estimating the contribution of the growing galaxy population

o cosmic hydrogen reionization (e.g. Robertson et al. 2015 ; Mu ̃ noz
t al. 2024 ; Whitler et al. 2025 ). 

Pre- JWST , a canonical value of ξion � 10 25 . 2 Hz erg −1 was typically
ssumed for reionization calculations (e.g. Robertson et al. 2015 ;
ouwens et al. 2016 ; Matthee et al. 2017 ). In contrast, initial
WST results suggested that high-redshift galaxies displayed higher
fficiencies; ξion � 10 25 . 8 Hz erg −1 (e.g. Atek et al. 2024 ; Simmonds
t al. 2024b ). Ho we ver, more recent JWST -based studies have tended
o re vise-do wn estimates of ξion , closer to typical pre- JWST values
Be gle y et al. 2024 ; Pahl et al. 2025 ; Simmonds et al. 2024a ). In order
o span the range of observational constraints, in our calculations
e adopt three different values of ξion with log ( ξion / Hz erg −1 ) =
5 . 2 , 25 . 5 , 25 . 8. 
In a similar fashion, we also consider three dif ferent v alues of

 esc . At the highest redshifts where it is possible to directly measure
 esc (i.e. 3 < z < 3 . 5), recent studies based on both photometry and
pectroscopy have suggested typical values of f esc � 0 . 05 (e.g. Pahl
t al. 2021 ; Be gle y et al. 2022 ). At higher redshifts, estimates of
 esc are typically based on the relationship between f esc and the UV
lope ( β) established at low-redshift (Chisholm et al. 2022 ). Cullen
t al. ( 2024 ) report an average UV slope of β = −2 . 22 at z � 10,
orresponding to f esc = 0 . 07 using the relationship from Chisholm
t al. ( 2022 ). They also report an average UV slope of β = −2 . 6
t z � 11 . 8, indicating an increase in escape fraction with redshift
o f esc = 0 . 19. Given this range of escape fractions, we determine
ur model of the neutral fraction as a function of redshift for three
xed values of f esc = 0 . 05 , 0 . 10 , 0 . 20. In addition, we also consider
n evolving f esc model, based on the UV slope measurements from
ullen et al. ( 2024 ). 
Armed with our calculated values of ṅ ion , we determine the neutral

raction of the IGM by solving the Madau, Haardt & Rees ( 1999 )
ifferential equation go v erning the change in the ionized fraction of
he universe with time: 

d X H II 

d t 
= 

ṅ ion 

〈 n H 〉 −
X H II 

t rec 
, (9) 

here X H I is the fraction of ionized hydrogen (and hence the
eutral fraction is given by X H I = 1 − X H II ), 〈 n H 〉 is the average
omoving number density of hydrogen and t rec is the time-scale of
ecombination. This last parameter is defined by: 

 rec = [ C H II αB ( T ) n e (1 + z) 3 ] −1 . (10) 

ere, αB ( T ) is the case-B recombination coefficient, which we
ssume is 2 . 59 × 10 −13 cm 

3 s −1 given T = 10 4 K, and C H II is the
GM clumping factor, which we assume follows the redshift-
ependent form provided by Shull, Smith & Danforth ( 2012 ).
he resulting evolution of X H I with redshift corresponding to our
ifferent parameter choices is shown in Fig. 6 , along with the latest
bservational constraints from the literature. 
It can be seen from Fig. 6 that different choices of f esc and ξion have

 significant impact on the timeline of reionization. For f esc = 0 . 2, we
nd that reionization completes by z = 7, for all but the lowest con-
idered ionizing photon production efficiency ( log ( ξion / Hz erg −1 ) =
5 . 2). In contrast, if we adopt f esc = 0 . 1, reionization is only able to
NRAS 539, 2409–2423 (2025) 
omplete by z � 6 assuming log ( ξion / Hz erg −1 ) = 25 . 8. If we further
educe the assumed escape factor to f esc = 0 . 05, then it can be seen
hat reionization can only be completed by z � 6 for an adopted
onizing photon production efficiency of log ( ξion / Hz erg −1 ) ≥ 25 . 8.
inally, using the evolving prescription for f esc , reionization also
nly ends by z � 6 for log ( ξion / Hz erg −1 ) ≥ 25 . 8 (due to the
elati vely lo w v alue of f esc across most of the rele v ant redshift
ange). 

 DI SCUSSI ON  

.1 A constant star-formation efficiency 

e have presented a simple theoretical model which is able to match
he observational constraints on both the GSMF at z = 6 − 8 and the
V LF at z = 6 − 13 (i.e. out to the highest redshifts for which robust
easurements of these two key scaling relations currently exist). This
as achieved using a redshift-independent form of the SHMR and

herefore a redshift-independent form of the star-formation efficiency
as a function of halo mass) that is consistent with that observed at
 = 0. We first describe this model in the context of the GSMF and
hen the UV LF. 

.1.1 Modelling the GSMF with constant star-formation efficiency 

irst, we tested our constant efficiency model against recent mea-
urements of the evolving GSMF, finding good consistency with
he observ ationally deri ved data points. The viability of a non-
v olving star -formation efficiency is also consistent with several
re- JWST measurements of the GSMF obtained through abun-
ance matching (Behroozi, Wechsler & Conroy 2013 ; Stefanon
t al. 2021 ) as well as the predictions of at least some sim-
lations (Feldmann et al. 2025 ). Ho we v er, arguments hav e also
een advanced in support of a redshift-dependent star-formation
fficiency, based both on new observations (Shuntov et al. 2025 )
nd alternative simulations (Ceverino et al. 2024 ). None the less,
cross most of the mass range, the evolution with redshift that has
een suggested has been relatively mild, with even the evolving
fficiency functions generally lying within the scatter of the z = 0
elation. 

Recently, ho we v er, claims hav e been advanced that the GSMF
equires significantly increased star-formation efficiency at z >

 for the most massive galaxies. In particular, Shuntov et al.
 2025 ) make the dramatic claim that, at the highest redshifts, star-
ormation efficiency rises to ε = 0 . 8 − 1 . 0 for log ( M � / M �) > 10 . 8.
o we ver, this conclusion is based on highly uncertain high-mass
ata points which are particularly vulnerable to contamination
nd bias, for example due to incorrect photometric redshifts (es-
ecially likely in this study due to the currently limited filter
et of the COSMOS-Web imaging). In addition to the positive
ias at the high-mass end resulting from even a tiny number of
ncorrect photometric redshifts, and the inevitability of Eddington
ias (Eddington 1913 ), it has also been demonstrated that the use
f NIRCam photometry alone can result in the stellar masses of
ome galaxies being o v erestimated by up to � 0 . 5 dex (Wang et al.
024 ). 
Finally, while the robust measurement of the GSMF is cur-

ently limited to z ≤ 8 due to the requirement of sufficiently long
av elength co v erage red-ward of the Lyman break, we note that

his has not deterred several authors from providing measurements
t z = 9 − 11, which have again in some cases been used to
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Figure 6. The redshift evolution of the hydrogen neutral fraction of the intergalactic medium with our model predictions given by the solid blue, orange, and 
red lines for log ( ξion / Hz erg −1 ) = 25 . 2, 25.5, 25.8, respectively where the UV LF is integrated to a limit of M UV = −13. In each panel the models are computed 
using different escape fractions with f esc = 0 . 2 (upper left), f esc = 0 . 2 (upper right), f esc = 0 . 05 (bottom left), and for an evolving f esc as function of redshift 
(bottom right and inset). Observational measurements of the neutral fraction are shown for the cosmic microwave background (CMB) (Planck Collaboration VI 
2020 ), Ly α equi v alent widths (Nakane et al. 2024 ; Tang et al. 2024 ), quasar damping wings (Greig et al. 2022 ; Ďuro v ̌c ́ıko v ́a et al. 2024 ), and for Lyman break 
galaxy (LBG) damping wings (Umeda et al. 2024 ). The grey shaded region shows the model from Mason et al. ( 2019 ) (dark grey: 68th percentile; light grey: 
95th percentile). 
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rgue for increased star-formation efficiency (Harvey et al. 2024 ; 
huntov et al. 2025 ; Weibel et al. 2024 ). Although these tentative
stimates are not shown in Fig. 2 , we have checked that, within
he observational uncertainties, our model does in fact success- 
ully reproduce the proposed form of the GSMF at z = 9 and
 = 11. 

We therefore conclude that, at present, the available observational 
onstraints on the evolving GSMF provide no clear evidence for a 
ignificant increase in star-formation efficiency in massive galaxies 
t z ≥ 6. 

.1.2 The cosmic stellar mass density at z = 6 − 13 

 useful global property that can be determined from the GSMF
s the evolving cosmic stellar-mass density, ρ� , which describes the 
tellar mass per unit comoving volume as a function of redshift. This
s determined by the mass-weighted integral of the GSMF given by: 

� = 

∫ M 2 

M 1 

M � φ( M � , z) dM � , (11) 
here stellar mass is given by M � , the GSMF is given by φ( M � , z),
nd M 1 , M 2 define the chosen integration limits. Here, we adopt
 1 = 10 8 M � and M 2 = 10 13 M � as typically assumed in obser-

ational studies of the GSMF. In Fig. 7 , we show the resulting
rediction of our model (red line) in comparison to the observational
easurements from Duncan et al. ( 2014 ), Grazian et al. ( 2015 ),
tefanon et al. ( 2021 ), Harv e y et al. ( 2024 ), Shuntov et al. ( 2025 ),
nd Weibel et al. ( 2024 ). This demonstrates that our constant star-
ormation efficiency model is able to successfully reproduce the 
bserved evolution of ρ� out to z ≥ 11 while also highlighting the
ignificant scatter of the current observational determinations. Fig. 7 
hus reaffirms that an increase in star-formation efficiency at early 
imes is not required to explain the growth of cosmic stellar-mass
ensity at early times. 

.1.3 Star-formation efficiency and the UV LF at z = 6 − 13 ? 

sing a similar type of model to the one considered here, Harikane
t al. ( 2023 ) concluded that the assumption of constant star-formation
MNRAS 539, 2409–2423 (2025) 
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M

Figure 7. The prediction of our constant star-formation efficiency model for 
the evolving cosmic stellar-mass density (CSMD), ρ� , from z = 6 − 12 (red). 
The model prediction is in good agreement with observational constraints 
from Duncan et al. ( 2014 ), Grazian et al. ( 2015 ), Stefanon et al. ( 2021 ), Harv e y 
et al. ( 2024 ), Shuntov et al. ( 2025 ), and Weibel et al. ( 2024 ). Where necessary, 
all observational data points have been converted to a Chabrier ( 2003 ) initial 
mass function and are integrated over the mass range 10 8 − 10 13 M �. 
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fficiency was able to reproduce the UV LF out to z � 10, but that
n increased efficiency was required at still higher redshifts. There
ave also been a number of other studies suggesting that increased
tar-formation efficiency is required to explain the form of the UV
F at z > 10, especially at the bright end (e.g. Dekel et al. 2023 ). 
Of course, the difficulty in using the UV LF as a measurement of

he star-formation efficiency is that the UV luminosity of a galaxy
oes not simply depend on its stellar mass. Even at early times, a
alaxy of a given stellar mass can have a range of UV luminosities
ependent on its star-formation history and the age/metallicity of
he stellar population that dominates the rest-frame UV. Indeed, in
he simple model discussed here we have demonstrated that the
ssumption of constant star-formation efficiency can be maintained
y appealing to ever younger stellar populations to produce an
ncreasing average UV luminosity with increasing redshift beyond
 � 8. It is only through the flexibility of decreasing typical age at
xtreme redshifts that our constant-efficiency model is able to explain
he UV LF at z = 10 − 13. 

Somewhat surprisingly, the idea of decreasing characteristic age
t extreme redshifts is not regularly cited as an explanation for the
bserved modest evolution of the UV LF (and hence ρSFR ) from
 � 8 out to z � 13. Nevertheless, at some stage young ages become
nevitable as we are rapidly running out of time at these redshifts,
nd indeed our approach is vindicated by the observed consistency of
ur model (without modification), with measurements of the GSMF
which offers a more direct probe of star-formation efficienc y). A ke y
rediction resulting from this trend of younger ages with increasing
edshift, is that this trend can continue only for so long as at a certain
oint, galaxies can no longer be made younger. In fact, the ages at
ll redshifts in this study are consistent with a formation redshift of
 � 15, indicating that at z � 15 there should be a more rapid decline
n ρSFR due to the rapid evolution of the halo mass function. 

Finally, we note that while our simple constant-efficiency model
an reproduce the UV LF at z > 10, more e xtensiv e spectroscopy of
alaxies at z > 10 is required to investigate the physical properties of
arly galaxies in detail, including the ages of their stellar populations.
NRAS 539, 2409–2423 (2025) 
o date, only a handful of galaxies at such extreme redshifts
extending up to z = 14 . 2) have been observed with NIRSpec (e.g.
rrabal Haro et al. 2023 ; Bunker et al. 2023 ; Castellano et al.
024 ) and ALMA (Schouws et al. 2024 ; Zavala et al. 2024 ), and
o it remains unclear how typical their properties are of the wider
merging galaxy population at these early times. Fortunately, in
ycle 3 JWST is set to observe an order-of-magnitude more galaxies
t z > 10 with NIRSpec, through a series of major spectroscopic
urv e ys (e.g. CANDELS-Area Prism Epoch of Reionization Surv e y
CAPERS) GO 6368). 

.2 No evidence for removing feedback in high-mass haloes 

 number of studies have presented evidence for an excess of bright
alaxies ( M UV � −21) at z ≥ 6 compared to expectations based on
he assumption (well justified at lower redshifts) that the LF follows
he exponentially declining form of a Schechter function (e.g. Bowler
t al. 2014 , 2020 ; Stefanon et al. 2019 ). 

One possible explanation for this phenomenon is the weakening or
emoval of high-mass feedback at early times. With feedback reduced
r even non-existent at high masses, galaxies can rapidly assemble
arger stellar masses and therefore produce greater UV luminosities,
hus potentially explaining the observed slow evolution in the bright-
nd of the UV LF. High-mass feedback is typically explained by
he impact of active galactic nuclei (AGNs) in massive galaxies
hereby their jets expel gas from the galaxy therefore quenching

urther star formation, potentially permanently (Hopkins et al. 2006 ).
lternatively, halo quenching can also act as a feedback mechanism,
ith the shock-heating of gas in massive haloes ef fecti v ely remo ving

he reservoir of cold gas required for star formation (Somerville et al.
008 ; Gabor & Dav ́e 2015 ). 
It might reasonably be expected that both of these high-mass

eedback mechanisms would be less ef fecti v e at e xtreme redshifts,
ith supermassive black holes and high-mass dark matter haloes

equiring time to gro w. Ho we ver, as we discussed in Section 3.3
here exists no clear evidence for the removal of high-mass feedback
t z ≥ 6 given the current observational constraints on the evolving
SMF. 
This moti v ated our test of the sub-mm galaxy counts using our
odel of the intrinsic form of the UV LF. This is a useful test of

he high-mass end of star-formation efficiency because it is now
ell established that the most massive star-forming galaxies are
eavily obscured by dust and are thus unlikely to feature even at
he bright end of the UV LF (despite obviously still appearing at
he high-mass end of the GSMF). We have found that the number
f bright high-redshift galaxies observed in current sub-mm surveys
e.g. Simpson et al. 2019 ; McKinney et al. 2025 ) also provides little
vidence for any decline in high-mass feedback at early times, with
he observed pre v alence of bright sub-mm galaxies ( � 1 deg −2 at
 > 5 . 5 forming stars at a rate ≥ 300 M �yr −1 ) being completely
onsistent with the predictions of our fiducial model. Furthermore,
n Section 4 we demonstrated that we obtain physically plausible
elationships between the UV attenuation and stellar mass for z ≥ 6
discussed further in Section 6.3 ) with an unchanged high-mass star-
ormation efficiency. 

Although in our model the bright end of the UV LF can be
ully explained by the level of dust attenuation, and the sub-
m galaxy counts provide some further constraining power, the

recise differentiation between weakening star-formation efficiency
nd increasing dust attenuation will require further observational
easurements. Direct measurements of the dust content of galaxies

t z ≥ 6 with ALMA and the Northern Extended Millimeter Array
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NOEMA) will help determine the relationship between stellar mass, 
V luminosity, and dust attenuation in these galaxies. This requires 
oth sufficient depth (to be able to detect or robustly constrain the dust
ontinuum) and surv e ys co v ering sufficient area in order to detect
 statistically significant number of galaxies with stellar masses of 
og ( M � / M �) > 10 at z ≥ 6. 

While our tests of the high-redshift sub-mm galaxy counts do not 
ro vide an y strong support for the remo val of high-mass feedback at
arly times, currently we cannot precisely determine the normaliza- 
ion and form of the high-mass end of the SHMR at z ≥ 6. This would
equire impro v ed measurements of the high-mass end of the GSMF
hich can only be enabled by yet wider-area NIRCam surv e ys with

WST . 
Progress is being made in this direction. To date Harv e y et al.

 2024 ) have presented measurements of the GSMF using � 187
rcmin 2 of NIRCam imaging, while Weibel et al. ( 2024 ) used a
arger area of � 500 arcmin 2 from the Public Release IMaging for
xtragalactic Research (PRIMER; Dunlop et al. 2021 ), the JWST 

dvanced Deep Extragalactic Surv e y (JADES; Eisenstein et al. 
023 ), and the Cosmic Evolution Early Release Science Surv e y
CEERS; Bagley et al. 2023 ).More recently, Shuntov et al. ( 2025 )
ave presented measurements of the GSMF based on the Cosmos- 
eb programme (Casey et al. 2023 ) which significantly expands 

he available surv e y area to � 0 . 5 de g 2 . Howev er, as discussed
bo v e, the COSMOS-Web surv e y is currently limited to only 4
IRCam filters ( F 115 W , F 150 W , F 277 W , F 444 W ) which results in

ignificantly less robust photometric redshifts and estimated stellar 
asses. The upcoming JWST Cycle-3 COSMOS-3D programme 

PI: Kakiichi) will provide F 200 W and F 356 W imaging across
0.33 deg 2 of the COSMOS-Web footprint therefore providing 

ontiguous NIRCam wavelength coverage from 1 to 44 μm which 
hould provide significantly improved stellar mass constraints for the 
alaxies detected in this field. 

Finally, another important consideration is the wavelength cover- 
ge of the observations. Interestingly, Wang et al. ( 2024 ) used the
WST Mid Infrared Instrument (MIRI) imaging at 7 . 7 μm to extend
he wavelength coverage used to measure galaxy stellar masses 
eyond that which can be accessed with NIRCam. They concluded 
hat this has an important impact in the sense that the inclusion of the

IRI data results in a significant reduction in the observed number 
ensities of massive galaxies. Therefore, the robust determination 
f the GSMF at z > 6 will require further expansion of the existing
WST imaging surv e ys, ideally with substantial NIRCam and MIRI
 v erlap (as was designed for PRIMER). 

.3 The evolution of the UV attenuation–stellar mass relation 

ur model-derived form of the A 1500 − M � relations at z ≥ 6 as
hown in Fig. 5 appear to show some evidence for some modest
edshift evolution, with a slightly lower normalization than seen 
n the z = 2 relation derived by McLure et al. ( 2018 ). However, the
vidence for a change is not compelling, and perhaps more interesting 
s the extent to which the derived relations still appear to mirror the
orm of the z � 2 relation out to the highest redshifts. This might be
egarded as surprising, given that a (relative) lack of dust attenuation 
n bright ( M UV � −21) galaxies at z > 10 has been suggested as
n explanation for their observed luminosity (e.g. Ferrara et al. 
023 ). Moreo v er, there is also growing evidence from the analysis
f the UV continuum slopes exhibited by extreme-redshift galaxies 
or a transition towards very little or even zero dust attenuation at
 ≥ 11 (e.g. Morales et al. 2023 ; Topping et al. 2023 ; Cullen et al.
024 ). 
Ho we ver, it transpires that the galaxies unco v ered to date at z ≥ 11
annot yet settle the issue of whether dust is present or absent at
uch early times. This is because, as can be seen in Fig. 4 , the
rightest bin sampled in our analysis of the UV LF at z � 11 lies
t M UV = −21 . 25 which, within our model, corresponds to a stellar
ass of 10 8 . 4 M �. As can be seen from Fig. 5 , at such modest stellar
asses (and at all lower stellar masses) negligible dust extinction 
ould be expected even at z � 2. As a result, the observed UV
F shown in Fig. 4 is actually consistent with both dusty and
ust-free models. In reality, the current observational constraints 
n dust attenuation in individual galaxies at z ≥ 11 remain sparse.
 or e xample a number of spectroscopically confirmed galaxies at
 ≥ 11 indicate negligible levels of dust attenuation at M UV ≤ −20
e.g. Bunker et al. 2023 ; Castellano et al. 2024 ), but spectroscopic
bservations of a galaxy at z = 14 . 3 hint at some modest (albeit
ighly uncertain) obscuration ( A V � 0 . 3; Carniani et al. 2024a ).
ider area surv e ys, still deep enough to detect galaxies at z � 11,

re thus required to properly sample the bright end of the UV LF at
hese redshifts, unco v ering rarer, more massiv e galaxies. Only then
ill it be possible to determine whether dust remains pre v alent in
igher mass galaxies at z � 11 and indeed whether the A 1500 − M � 

elation at these early times is significantly different from that seen
t cosmic noon. 

A number of other theoretical models have been developed which 
ttempt to predict the dust properties of galaxies at z > 10. For
xample Ferrara et al. ( 2023 ) and Ferrara, Pallottini & Sommovigo
 2025 ) suggest that although moderate levels of dust are produced,
his dust is remo v ed by radiation-driven outflows. They suggest that
uch dust removal is required to match the blue colours of early
alaxies due to the compact nature of galaxies at z ≥ 11, as a result
f which even a relatively small mass of dust might be expected
o produce significant attenuation. Recent ALMA and NOEMA 

bservations of GS-z14 and GN-z11, respectively have attempted 
o directly determine the dust mass through measurement of the 
ust continuum in the sub-mm (Fudamoto et al. 2024 ; Schouws
t al. 2024 ; Carniani et al. 2025 ). Ho we ver, these measurements
acked sufficient depth to exclude dust at the level implied by
he current models. Significantly deeper ALMA observations are 
herefore required to directly constrain the levels of dust in galaxies
t z ≥ 11. 

.4 Is there an ionizing photon budget crisis? 

ecent JWST results have been interpreted by some as suggesting 
hat there may be an ionizing photon budget ‘crisis’ (Mu ̃ noz et al.
024 ), in the sense that too many ionizing photons are emitted from
he galaxy population at z > 6 to be consistent with other constraints
n the progress of cosmic hydrogen reionization. This suggestion 
as arisen in part due to assumptions made regarding the values of
he three parameters contained in equation ( 8 ), to which the inferred
eionization history is sensitive. 

JWST has unlocked the ability to measure ξion at z > 6 for the
rst time. Early JWST results indicated that ξion increased as a 
unction of redshift, perhaps reaching significantly higher values 
f log ( ξion / Hz erg −1 ) � 26 at z > 6 (Atek et al. 2024 ; Simmonds
t al. 2024b ). This was in part justified by an expectation that the
ncreased burstiness of star formation at early times would result 
n an increase in the production of ionizing photons. Ho we ver,
ecent deeper surv e ys hav e led to lo wer inferred v alues more typical
f what had been established at lower redshifts pre- JWST , with
arious studies now concluding in fa v our of a more mild evolution
ith redshift and an average efficiency of log ( ξion / Hz erg −1 ) � 25 . 3
MNRAS 539, 2409–2423 (2025) 
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Figure 8. The redshift evolution of the faint-end slope, α, of the galaxy 
UV LF. The solid red line shows the model from Bouwens et al. ( 2021 ) 
whereas the solid black line shows the faint-end slope predicted by our model 
as measured o v er the luminosity range corresponding to −18 . 5 < M UV < 

−17 . 5. We also plot a range of observational measurements from McLure 
et al. ( 2013 ), Moutard et al. ( 2020 ), Bouwens et al. ( 2021 ), Leung et al. ( 2023 ), 
P ́erez-Gonz ́alez et al. ( 2023 ), Donnan et al. ( 2023a , 2024 ), Finkelstein et al. 
( 2024 ), and Whitler et al. ( 2025 ). Clearly direct observational constraints 
on α currently remain very weak, but our model predicts that α is expected 
to plateau around a value of α � 2 at extreme redshifts, and should never 
approach the extremely steep values inferred from extrapolation of pre- JWST 
data (as indicated by the red line). 
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Be gle y et al. 2024 ; P ahl et al. 2025 ; Simmonds et al. 2024a ). This
hange in stance may be explained by the fact that the galaxies in
arlier studies were selected due to the strengths of key emission
ines (e.g. H α, [O III ]) and therefore only provided measurements of
ion for the sub-set of galaxies experiencing the strongest bursts of
tar formation. 

The second factor that led to the suggestion of an ionizing photon
udget crisis is the assumed value of the typical escape fraction for
onizing photons, f esc . For example Mu ̃ noz et al. ( 2024 ) assume an
nitial value of f esc = 0 . 2 simply because this was the value adopted
n Robertson et al. ( 2015 ) as that which was required to complete
eionization by z � 5 . 5 (given the other constraints available at
hat time). Using f esc = 0 . 2, as shown in the upper left panel of
ig. 6 , we find consistency with the suggestion from Mu ̃ noz et al.
 2024 ) that this can result in an excess of ionizing photons leading
o premature reionization, with the highest ξion model completely
eionizing the hydrogen in the IGM by z � 7 . 5. Ho we ver, pre- JWST
bservational measurements of f esc indicated a significantly lower
ypical value of f esc � 0 . 05, based on attempted measurements at
ower redshifts (Pahl et al. 2021 ; Begley et al. 2022 ; Saldana-Lopez
t al. 2022 ). Using the β − f esc relation from Chisholm et al. ( 2022 )
n combination with recent measurements of β up to z � 13 from
ullen et al. ( 2024 ), we therefore also calculate the predictions
f the model assuming an evolving f esc in which (as implied by
he new UV slope measurements) f esc � 0 . 2 at z = 12, but then
apidly decreases to f esc � 0 . 07 by z = 10 (shown in the inset
anel in the bottom right of Fig. 6 ). Ho we ver, this change in fact
esults in a tension with observational constraints on the neutral
raction for even modestly large values of the ionizing production
fficiency ( log ( ξion / Hz erg −1 ) = 25 . 5). This is because, based on
he values inferred from the evolution of UV continuum slopes,
he escape fraction only rises to f esc = 0 . 2 at z > 10 and therefore
he majority of the reionization history occurs while galaxies have
ignificantly lower escape fractions ( f esc � 0 . 05). Ho we ver, we stress
hat this tension is in the opposite direction to that proposed by

u ̃ noz et al. ( 2024 ), as this model actually lacks the number
ensity of ionizing photons required to complete reionization by
 ∼ 6. 

The final parameter that can lead to a predicted excess in the
umber of ionizing photons is the UV luminosity density, ρUV ,
roduced by the emerging population of young galaxies. This
oncern was raised in part due to the excess in the observed UV
F compared to some pre- JWST models at z > 10 (e.g. Mason
t al. 2015 ; Yung et al. 2019 ). Ho we ver, our model, which closely
eproduces the observed UV LF and ρUV at z = 6 − 13 shows that,
n fact, this is not in tension with observational measurements of
he neutral fraction including the (now well constrained) end-point
f reionization (at z � 5 . 5; Bosman et al. 2021 ). The calculation
f ρUV is highly sensitive to the limit of the luminosity weighted
ntegral and hence also to the steepness of the faint-end slope of the
V LF, α. Prior to the launch of JWST , a range of data provided

vidence for a monotonic steepening in α with increasing redshift.
n Bouwens et al. ( 2021 ), this evolution was described by a linear
elationship with redshift, specifically α = −1 . 94 − 0 . 11( z − 6) (see
ig. 8 ). Extrapolation of this linear relationship then provided a
rediction of very steep faint-end slopes at z > 10. Indeed, assuming
his linear extrapolation means that by z = 11 one would anticipate
 faint-end slope of α � −2 . 5 (Bouwens et al. 2023 ), significantly
teeper than is observed at z � 8 ( α � −2 . 1). 

Early JWST measurements of the UV LF were unable to constrain
given the initial lack of ultradeep NIRCam imaging. Ho we ver,
ore recent measurements using the JADES (Eisenstein et al.
NRAS 539, 2409–2423 (2025) 
023 ) and the Next Generation Deep Extragalactic Exploratory
ublic (NGDEEP; Bagley et al. 2024 ) surv e ys hav e enabled a
rst meaningful attempt at this measurement, yielding α � −2 . 2 to
� −2 . 4 at z = 11, albeit still with significant uncertainties (Leung

t al. 2023 ; P ́erez-Gonz ́alez et al. 2023 ; Donnan et al. 2024 ; Whitler
t al. 2025 ). This suggests a significant softening in the evolution in
with increasing redshift compared to some of the aforementioned

re- JWST predictions and indeed a plateauing of the faint-end slope
round a value of α � −2 . 1 is a clear prediction of our model. This
s demonstrated in Fig. 8 , where we compare the results of simple
ower-law fits to the faint end of our evolving model UV LF with
xisting observational constraints on α at extreme redshifts. 

Our model also predicts that the faint-end slope should actu-
lly reduce in steepness as we mo v e to very faint magnitudes
s a result of the non-linear faint-end form of the UV LF (re-
ulting from the underlying form of the halo mass function and
he assumed ever decreasing star-formation efficiency at lower

asses). This is quantified in Table 2 , where we tabulate the
aint-end slope resulting from simple power-law fits to our evolv-
ng model UV LF o v er the luminosity ranges corresponding to

18 < M UV < −16 and −17 < M UV < −15. There is some ob-
erv ational e vidence for this shape at z � 2 − 4 (Parsa et al. 2016 )
ut deeper JWST imaging is required to measure this at the highest
edshifts. 

Our predicted milder evolution in α with increasing redshift and
he implied decreasing steepness ( i.e. curvature) of the UV LF as
ne mo v es to fainter UV magnitudes both limit the number density
f faint galaxies able to contribute to reionization. This, coupled
ith the latest JWST constraints on the escape fraction and ionizing
hoton production means that, in this study, we find no evidence for
n excess of ionizing photons. Rather, as discussed abo v e, we find
hat many of our models lack the number density of ionizing photons
eeded to reproduce current observational constraints on the progress
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Table 2. The faint-end slope, α, of our UV LF model at z = 6 − 12 . 5, derived 
by fitting a power-law functional form o v er a chosen luminosity range. The 
first column states the redshift of the UV LF. The second column gives the 
best-fitting faint-end slope to the model obtained by fitting a power law over 
the UV magnitude range −18 < M UV < −16. The final column then gives the 
best-fitting faint-end slope derived by fitting to the slightly fainter luminosity 
range corresponding to −17 < M UV < −15. It is notable that, in our model, 
the faint-end slope plateaus around α � −2 at the highest redshifts, and 
actually flattens slightly as one mo v es towards very faint luminosities. 

z α α

−18 < M UV < −16 −17 < M UV < −15 

6 −1 . 72 −1 . 66 
7 −1 . 78 −1 . 71 
8 −1 . 84 −1 . 78 
9 −1 . 93 −1 . 87 
10 −2 . 00 −1 . 93 
11 −2 . 04 −1 . 97 
12.5 −2 . 16 −2 . 08 

Figure 9. The redshift evolution of the neutral fraction of the intergalactic 
medium with our final model prediction given by the solid black line where 
log ( ξion / Hz erg −1 ) = 0 . 035 z + 25 . 08 (Be gle y et al. 2024 ) and the UV LF 
is integrated to a limit of M UV = −13. We assume a fixed f esc = 0 . 2. 
Observational measurements of the neutral fraction are shown for the CMB 

(Planck Collaboration VI 2020 ), Ly α equi v alent widths (Nakane et al. 2024 ; 
Tang et al. 2024 ; Kageura et al. 2025 ), QSO damping wings (Greig et al. 
2022 ; Ďuro v ̌c ́ıko v ́a et al. 2024 ), and for LBG damping wings (Umeda et al. 
2024 ). The grey shaded region shows the model from Mason et al. ( 2019 ) 
(dark grey: 68th percentile; light grey: 95th percentile). 
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f cosmic hydrogen reionization unless we adopt a higher escape 
raction ( f esc = 0 . 2) than required in other studies which assumed
teeper faint-end slopes for the LF (e.g. Whitler et al. 2025 ). 

In Fig. 9 , we show the final prediction of our model for the redshift
volution of the neutral hydrogen fraction. Here, we use the evolving 
alue of ρUV calculated from the luminosity weighted integration 
f our new model UV LF down to M UV = −13, assume an escape
raction of f esc = 0 . 2 across the full rele v ant redshift range, and adopt
he redshift-dependent form for ξion deduced by Be gle y et al. ( 2024 ).
he resulting predicted progress of reionization is clearly consistent 
ith the other available observational constraints plotted in Fig. 9 . 
rucially, while reionization is predicted to start at quite early times, 

he model delivers on the now well-established requirement that 
ydrogen reionization should terminate at z � 5 . 5. 
 C O N C L U S I O N S  

e have developed and tested a simple theoretical model of galaxy
volution with a constant star-formation efficiency, designed in part 
o check the veracity of recent claims that enhanced star-formation 
fficiency is required at early cosmological times in order to explain
he pre v alence of UV luminous galaxies at extreme redshifts, as
evealed by JWST . 

We show that this model, with no free parameters other than
ass––light ratio, can indeed perfectly reproduce both the shape 

nd normalization of the galaxy UV LF at z � 11, and indeed can
atch the evolving UV LF o v er the entire redshift range z � 6 − 13,

rovided we: (i) allow the typical age of the galaxy stellar populations 
o decrease monotonically from � 130 Myr at z = 6 to � 10 Myr at
 � 13, and (ii) invoke dust obscuration to explain the form of the UV
F at luminosities brighter than M UV � −20 for redshifts z ≤ 10. 
We have also compared the predictions of our model against the

atest observations of the evolving GSMF o v er the redshift range
 � 6 − 8. The requirement to fit both the UV LF and the GSMF
reaks the de generac y between mass-to-light ratio and star-formation 
fficiency and we find that our model is consistent with current
bservational constraints on the GSMF at these epochs, without 
lteration or tuning . This provides reassurance that our assumed 
on-e volving ef ficiency is completely consistent with recent JWST 

bservations of the young Universe. 
We have also explored a modification of our model involving 

he removal of high-mass feedback at early times which would 
ncrease the number of highly star-forming galaxies present in sub- 

m surv e ys. Ho we ver, the predictions of our unmodified model
re more consistent with existing constraints from sub-mm surveys, 
hich reveal typically only � 1 sub-mm galaxy per square degree
ith a star-formation rate ≥ 300 M �yr −1 at z ≥ 6. 
Finally, we have explored the implications of our model for the

redicted progress of cosmic hydrogen reionization, in part to test 
he validity of some recent claims that the latest JWST observations
uggest early galaxies may emit too many ionizing photons to be
onsistent with other constraints on reionization. We find that, using 
he latest measurements of f esc and ξion in combination with our 
odel UV LFs, our predictions are not in tension with observational
easurements of the timeline of reionization. Our model also predicts 

hat the faint-end slope of the UV LF should plateau at α � −2 . 1
eyond z � 8, rather than continuing to steepen at higher redshifts
as often predicted before the advent of JWST ), a prediction which
elps to mitigate any potential ionizing photon crisis. 
Because we invoke ever-declining stellar ages (rather than in- 

reased star-formation efficiency) to offset the decline in the un- 
erlying halo mass function when modelling the extreme-redshift 
volution of the UV LF, another clear and prediction of our model
s that there should be a more rapid drop-off in the galaxy number
ensity galaxies at z � 15. It is therefore interesting to note that
onnan et al. ( 2024 ) presented tentati ve e vidence for a relatively

apid drop-off in ρUV at z � 14 . 5 and indeed a compelling galaxy
andidate at z ≥ 15 has yet to be disco v ered, despite intensiv e efforts
ith ever deeper JWST data. Time will tell whether z � 15 really

s the long-sought epoch of galaxy formation, as predicted by our
odel. 
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osman S. E. I. , Ďuro v ̌c ́ıko v ́a D., Davies F. B., Eilers A.-C., 2021, MNRAS ,

503, 2077 
ouwens R. J. , Illingworth G. D., Franx M., Ford H., 2007, ApJ , 670, 928 
ouwens R. J. , Smit R., Labb ́e I., Franx M., Caruana J., Oesch P., Stefanon

M., Rasappu N., 2016, ApJ , 831, 176 
ouwens R. J. et al., 2021, AJ , 162, 47 
ouwens R. J. et al., 2023, MNRAS , 523, 1036 
owler R. A. A. et al., 2014, MNRAS , 440, 2810 
owler R. A. A. et al., 2015, MNRAS , 452, 1817 
owler R. A. A. , Dunlop J. S., McLure R. J., McLeod D. J., 2017, MNRAS ,

466, 3612 
owler R. A. A. , Jarvis M. J., Dunlop J. S., McLure R. J., McLeod D. J.,

Adams N. J., Milvang-Jensen B., McCracken H. J., 2020, MNRAS , 493,
2059 

rinch M. et al., 2024, MNRAS , 527, 6591 
ruzual G. , Charlot S., 2003, MNRAS , 344, 1000 
unker A. J. et al., 2023, A&A , 690, A288 
arniani S. et al., 2024a, Nature , 633, 318 
arniani S. et al., 2025, A&A 696 A87 
asey C. M. et al., 2019, ApJ , 887, 55 
asey C. M. et al., 2023, ApJ , 954, 31 
astellano M. et al., 2022, ApJ , 938, L15 
astellano M. et al., 2024, ApJ , 972, 143 
everino D. , Nakazato Y., Yoshida N., Klessen R. S., Glo v er S. C. O., 2024,

A&A , 689, A244 
habrier G. , 2003, PASP , 115, 763 
hisholm J. et al., 2022, MNRAS , 517, 5104 
hworowsky K. et al., 2024, AJ , 168, 113 
ullen F. et al., 2024, MNRAS , 531, 997 
urtis-Lake E. et al., 2023, Nat. Astron. , 7, 622 
ekel A. , Sarkar K. C., Birnboim Y., Mandelker N., Li Z., 2023, MNRAS ,

523, 3201 
onnan C. T. et al., 2023a, MNRAS , 518, 6011 
onnan C. T. , McLeod D. J., McLure R. J., Dunlop J. S., Carnall A. C.,

Cullen F., Magee D., 2023b, MNRAS , 520, 4554 
onnan C. T. et al., 2024, MNRAS , 533, 3222 
udzevi ̌ci ̄ut ̇e U. et al., 2020, MNRAS , 494, 3828 
uncan K. et al., 2014, MNRAS , 444, 2960 
unlop J. S. et al., 2017, MNRAS , 466, 861 
unlop J. S. et al., 2021, PRIMER: Public Release IMaging for Extragalactic

Research, JWST Proposal. Cycle 1, ID. #1837 
ˇ uro v ̌c ́ıko v ́a D. et al., 2024, ApJ , 969, 162 
ddington A. S. , 1913, MNRAS , 73, 359 
isenstein D. J. et al., 2023, preprint ( arXiv:2306.02465 ) 
NRAS 539, 2409–2423 (2025) 
ldridge J. J. , Stanway E. R., Xiao L., McClelland L. A. S., Taylor G., Ng
M., Greis S. M. L., Bray J. C., 2017, PASA , 34, e058 

eldmann R. et al., 2025, MNRAS , 536, 988 
errara A. , Pallottini A., Dayal P., 2023, MNRAS , 522, 3986 
errara A. , Pallottini A., Sommovigo L., 2025, A&A , 694, A286 
inkelstein S. L. et al., 2023, ApJ , 946, L13 
inkelstein S. L. et al., 2024, ApJ , 969, L2 
udamoto Y. et al., 2024, MNRAS , 530, 340 
abor J. M. , Dav ́e R., 2015, MNRAS , 447, 374 
lazebrook K. et al., 2024, Nature , 628, 277 
razian A. et al., 2015, A&A , 575, A96 
reig B. , Mesinger A., Davies F. B., Wang F., Yang J., Hennawi J. F., 2022,

MNRAS , 512, 5390 
arikane Y. et al., 2022, ApJS , 259, 20 
arikane Y. et al., 2023, ApJS , 265, 5 
arv e y T. et al., 2024, ApJ , 978, 89 
opkins P. F. , Hernquist L., Cox T. J., Di Matteo T., Robertson B., Springel

V., 2006, ApJS , 163, 1 
ageura Y. et al., 2025, preprint ( arXiv:2501.05834 ) 
abb ́e I. et al., 2023, Nature , 616, 266 
eung G. C. K. et al., 2023, ApJ , 954, L46 
adau P. , Dickinson M., 2014, ARA&A , 52, 415 
adau P. , Haardt F., Rees M. J., 1999, ApJ , 514, 648 
ason C. A. , Trenti M., Treu T., 2015, ApJ , 813, 21 
ason C. A. , Naidu R. P., Tacchella S., Leja J., 2019, MNRAS , 489, 2669 
atthee J. , Sobral D., Best P., Khostovan A. A., Oteo I., Bouwens R.,

R ̈ottgering H., 2017, MNRAS , 465, 3637 
cKinney J. et al., 2023, ApJ , 956, 72 
cKinney J. et al., 2025, ApJ , 979, 229 
cLeod D. J. , McLure R. J., Dunlop J. S., 2016, MNRAS , 459, 3812 
cLeod D. J. , McLure R. J., Dunlop J. S., Cullen F., Carnall A. C., Duncan

K., 2021, MNRAS , 503, 4413 
cLeod D. J. et al., 2024, MNRAS , 527, 5004 
cLure R. J. , Cirasuolo M., Dunlop J. S., Foucaud S., Almaini O., 2009,

MNRAS , 395, 2196 
cLure R. J. , Dunlop J. S., Cirasuolo M., Koekemoer A. M., Sabbi E., Stark

D. P., Targett T. A., Ellis R. S., 2010, MNRAS , 403, 960 
cLure R. J. et al., 2013, MNRAS , 432, 2696 
cLure R. J. et al., 2018, MNRAS , 476, 3991 
orales A. M. et al., 2023, ApJ , 964, L24 
ortlock A. et al., 2015, MNRAS , 447, 2 
outard T. , Sawicki M., Arnouts S., Golob A., Coupon J., Ilbert O., Yang

X., Gwyn S., 2020, MNRAS , 494, 1894 
u ̃ noz J. B. , Mirocha J., Chisholm J., Furlanetto S. R., Mason C., 2024,

MNRAS 535 L37 
urray S. G. , Power C., Robotham A. S. G., 2013, Astron. Comput. , 3, 23 
uzzin A. et al., 2013, ApJ , 777, 18 
aidu R. P. et al., 2022, ApJ , 940, L14 
akane M. et al., 2024, ApJ , 967, 28 
ke J. B. , 1974, ApJS , 27, 21 
ke J. B. , Gunn J. E., 1983, ApJ , 266, 713 
ahl A. J. , Shapley A., Steidel C. C., Chen Y., Reddy N. A., 2021, MNRAS ,

505, 2447 
ahl A. J. et al., 2025, ApJ , 981,134 
arsa S. , Dunlop J. S., McLure R. J., Mortlock A., 2016, MNRAS , 456, 3194
 ́erez-Gonz ́alez P. G. et al., 2023, ApJ , 951, L1 
lanck Collaboration VI , 2020, A&A , 641, A6 
eed D. S. , Bower R., Frenk C. S., Jenkins A., Theuns T., 2007, MNRAS ,

374, 2 
obertson B. E. , Ellis R. S., Furlanetto S. R., Dunlop J. S., 2015, ApJ , 802,

L19 
aldana-Lopez A. et al., 2022, A&A , 663, A59 
chouws S. et al., 2024, preprint ( arXiv:2409.20549 ) 
hull J. M. , Smith B. D., Danforth C. W., 2012, ApJ , 759, 23 
huntov M. et al., 2025, A&A , 695, A20 
immonds C. et al., 2024a, MNRAS , 535, 2998 
immonds C. et al., 2024b, MNRAS , 527, 6139 
impson J. M. et al., 2019, ApJ , 880, 43 

http://dx.doi.org/10.48550/arXiv.2304.13721
http://dx.doi.org/10.1038/s41586-023-06521-7
http://dx.doi.org/10.1038/s41586-024-07043-6
http://dx.doi.org/10.48550/arXiv.2302.05466
http://dx.doi.org/10.3847/2041-8213/ad2f31
http://dx.doi.org/10.1093/mnras/stac1067
http://dx.doi.org/10.1088/0004-637X/717/1/379
http://dx.doi.org/10.1088/2041-8205/762/2/L31
http://dx.doi.org/10.1093/mnras/stab572
http://dx.doi.org/10.1086/521811
http://dx.doi.org/10.3847/0004-637X/831/2/176
http://dx.doi.org/10.3847/1538-3881/abf83e
http://dx.doi.org/10.1093/mnras/stad1145
http://dx.doi.org/10.1093/mnras/stu449
http://dx.doi.org/10.1093/mnras/stv1403
http://dx.doi.org/10.1093/mnras/stw3296
http://dx.doi.org/10.1093/mnras/staa313
http://dx.doi.org/10.1093/mnras/stad3409
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.48550/arXiv.2306.02467
http://dx.doi.org/10.48550/arXiv.2405.18485
http://dx.doi.org/10.3847/1538-4357/ab52ff
http://dx.doi.org/10.3847/1538-4357/acc2bc
http://dx.doi.org/10.3847/2041-8213/ac94d0
http://dx.doi.org/10.48550/arXiv.2403.10238
http://dx.doi.org/10.1051/0004-6361/202450224
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/stac2874
http://dx.doi.org/10.3847/1538-3881/ad57c1
http://dx.doi.org/10.1093/mnras/stae1211
http://dx.doi.org/10.1038/s41550-023-01918-w
http://dx.doi.org/10.1093/mnras/stad1557
http://dx.doi.org/10.1093/mnras/stac3472
http://dx.doi.org/10.1093/mnras/stad471
http://dx.doi.org/10.1093/mnras/stae2037
http://dx.doi.org/10.1093/mnras/staa769
http://dx.doi.org/10.1093/mnras/stu1622
http://dx.doi.org/10.1093/mnras/stw3088
http://dx.doi.org/10.3847/1538-4357/ad4888
http://dx.doi.org/10.1093/mnras/73.5.359
http://arxiv.org/abs/2306.02465
http://dx.doi.org/10.1017/pasa.2017.51
http://dx.doi.org/10.48550/arXiv.2407.02674
http://dx.doi.org/10.1093/mnras/stad1095
http://dx.doi.org/10.48550/arXiv.2410.19042
http://dx.doi.org/10.3847/2041-8213/acade4
http://dx.doi.org/10.3847/2041-8213/ad4495
http://dx.doi.org/10.1093/mnras/stae556
http://dx.doi.org/10.1093/mnras/stu2399
http://dx.doi.org/10.1038/s41586-024-07191-9
http://dx.doi.org/10.1051/0004-6361/201424750
http://dx.doi.org/10.1093/mnras/stac825
http://dx.doi.org/10.3847/1538-4365/ac3dfc
http://dx.doi.org/10.3847/1538-4365/acaaa9
http://dx.doi.org/10.48550/arXiv.2403.03908
http://dx.doi.org/10.1086/499298
http://arxiv.org/abs/2501.05834
http://dx.doi.org/10.1038/s41586-023-05786-2
http://dx.doi.org/10.3847/2041-8213/acf365
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1086/306975
http://dx.doi.org/10.1088/0004-637X/813/1/21
http://dx.doi.org/10.1093/mnras/stz2291
http://dx.doi.org/10.1093/mnras/stw2973
http://dx.doi.org/10.3847/1538-4357/acf614
http://dx.doi.org/10.48550/arXiv.2408.08346
http://dx.doi.org/10.1093/mnras/stw904
http://dx.doi.org/10.1093/mnras/stab731
http://dx.doi.org/10.1093/mnras/stad3471
http://dx.doi.org/10.1111/j.1365-2966.2009.14677.x
http://dx.doi.org/10.1111/j.1365-2966.2009.16176.x
http://dx.doi.org/10.1093/mnras/stt627
http://dx.doi.org/10.1093/mnras/sty522
http://dx.doi.org/10.48550/arXiv.2311.04294
http://dx.doi.org/10.1093/mnras/stu2403
http://dx.doi.org/10.1093/mnras/staa706
http://dx.doi.org/10.1093/mnrasl/slae086
http://dx.doi.org/10.1016/j.ascom.2013.11.001
http://dx.doi.org/10.1088/0004-637X/777/1/18
http://dx.doi.org/10.3847/2041-8213/ac9b22
http://dx.doi.org/10.3847/1538-4357/ad38c2
http://dx.doi.org/10.1086/190287
http://dx.doi.org/10.1086/160817
http://dx.doi.org/10.1093/mnras/stab1374
http://dx.doi.org/10.48550/arXiv.2407.03399
http://dx.doi.org/10.1093/mnras/stv2857
http://dx.doi.org/10.3847/2041-8213/acd9d0
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1111/j.1365-2966.2006.11204.x
http://dx.doi.org/10.1088/2041-8205/802/2/L19
http://dx.doi.org/10.1051/0004-6361/202141864
http://arxiv.org/abs/2409.20549
http://dx.doi.org/10.1088/0004-637X/759/1/23
http://dx.doi.org/10.48550/arXiv.2410.08290
http://dx.doi.org/10.48550/arXiv.2409.01286
http://dx.doi.org/10.1093/mnras/stad3605
http://dx.doi.org/10.3847/1538-4357/ab23ff


A model of the GSMF and UV LF at early times 2423 

S  

S
S
S  

S
T
T  

T  

T
U  

V  

W
W
W
W
W

W
Y  

Z

T

©
P
(

omerville R. S. , Hopkins P. F., Cox T. J., Robertson B. E., Hernquist L.,
2008, MNRAS , 391, 481 

ong M. et al., 2016, ApJ , 825, 5 
tefanon M. et al., 2019, ApJ , 883, 99 
tefanon M. , Bouwens R. J., Labb ́e I., Illingworth G. D., Gonzalez V., Oesch

P. A., 2021, ApJ , 922, 29 
un G. , Furlanetto S. R., 2016, MNRAS , 460, 417 
acchella S. , 2024, preprint ( arXiv:2410.04227 ) 
acchella S. , Bose S., Conroy C., Eisenstein D. J., Johnson B. D., 2018, ApJ ,

868, 92 
ang M. , Stark D. P., Topping M. W., Mason C., Ellis R. S., 2024, ApJ ,975,208
opping M. W. et al., 2023, MNRAS , 529, 4087 
meda H. , Ouchi M., Nakajima K., Harikane Y., Ono Y., Xu Y., Isobe Y.,

Zhang Y., 2024, ApJ , 971, 124 
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
aradaraj R. G. , Bowler R. A. A., Jarvis M. J., Adams N. J., H ̈außler B.,
2023, MNRAS , 524, 4586 

ang T. et al., 2024, preprint ( arXiv:2403.02399 ) 
eaver J. R. et al., 2023, A&A , 677, A184 
echsler R. H. , Tinker J. L., 2018, ARA&A , 56, 435 
eibel A. et al., 2024, MNRAS , 533, 1808 
hitler L. et al., 2025, preprint ( arXiv:2501.00984 ) 

ilkins S. M. et al., 2023, MNRAS , 519, 3118 
ung L. Y. A. , Somerville R. S., Popping G., Finkelstein S. L., Ferguson H.

C., Dav ́e R., 2019, MNRAS , 490, 2855 
avala J. A. et al., 2024, ApJL , 977, L9 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 539, 2409–2423 (2025) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 
D
ow

nloade
d from
 https://academ

ic.oup.com
/m

nras/article/539/3/2409/8116291 by D
ESY-Zentralbibliothek user on 07 M

ay 2025

http://dx.doi.org/10.1111/j.1365-2966.2008.13805.x
http://dx.doi.org/10.3847/0004-637X/825/1/5
http://dx.doi.org/10.3847/1538-4357/ab3792
http://dx.doi.org/10.3847/1538-4357/ac1bb6
http://dx.doi.org/10.1093/mnras/stw980
http://arxiv.org/abs/2410.04227
http://dx.doi.org/10.3847/1538-4357/aae8e0
http://dx.doi.org/10.48550/arXiv.2408.01507
http://dx.doi.org/10.48550/arXiv.2307.08835
http://dx.doi.org/10.3847/1538-4357/ad554e
http://dx.doi.org/10.48550/arXiv.2304.02494
http://arxiv.org/abs/2403.02399
http://dx.doi.org/10.1051/0004-6361/202245581
http://dx.doi.org/10.1146/annurev-astro-081817-051756
http://dx.doi.org/10.48550/arXiv.2403.08872
http://arxiv.org/abs/2501.00984
http://dx.doi.org/10.1093/mnras/stac3280
http://dx.doi.org/10.1093/mnras/stz2755
http://dx.doi.org/10.48550/arXiv.2411.03593
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 MODELLING THE STELLAR MASS FUNCTION
	3 THE GALAXY UV LUMINOSITY FUNCTION
	4 DUST ATTENUATION
	5 COSMIC HYDROGEN REIONIZATION
	6 DISCUSSION
	7 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

