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 a b s t r a c t

Early observations from the James Webb Space Telescope (JWST) have revealed an overabundance of massive 
high-redshift galaxies, raising the question of whether this points to new physics beyond ΛCDM, or an enhanced 
formation efficiency of massive stars. We revisit this issue going beyond earlier analyses based on direct com-
parisons to theoretical bounds at a fixed cosmology, by performing a full Bayesian analysis of the most extreme 
galaxies in the CEERS imaging and FRESCO spectroscopic samples, jointly constraining cosmological parameters 
and the baryon-to-star conversion efficiency 𝜖. We do so not only within the spatially flat ΛCDM model, but also 
in models where the dark energy equation of state 𝑤 and/or the spatial curvature parameter Ω𝐾 are allowed to 
vary, carefully discussing the impact of both 𝑤 and Ω𝐾 on the cumulative comoving stellar mass density. Within 
the flat ΛCDM model, once cosmological parameters are marginalized over, the CEERS sample provides a weak 
2𝜎 lower limit of 𝜖 ≳ 0.07, compatible with astrophysical expectations. In contrast, the FRESCO sample requires 
𝜖 ≳ 0.5 at 2𝜎, with values 𝜖 ≲ 0.2 disfavored at > 5.0𝜎. These results do not qualitatively change when we allow 
𝑤 and/or Ω𝐾 to vary, with no evidence for deviations from 𝑤 = −1 or Ω𝐾 = 0. Our results therefore suggest that 
the origin of the “JWST tension” is unlikely to be cosmological, but lies in the astrophysics of galaxy formation.

1.  Introduction

The James Webb Space Telescope (JWST), a space-based infrared ob-
servatory designed to study the formation of the first galaxies and 
stars (Gardner et al., 2006), is providing a unique view of sources at red-
shifts up to 𝑧 ∼ 15, corresponding to the first few hundred million years 
of cosmic history. This regime, previously only indirectly constrained 
by low-redshift observations, is one where both the efficiency of early 
star formation and the growth of structure are still very uncertain. The 
most massive high-redshift galaxies are particularly interesting in this 
sense, as they populate the most massive dark matter (DM) halos, whose 
abundance depends very strongly on the underlying cosmology. Such 
systems therefore provide a very powerful probe of both cosmology and 
the physics of galaxy formation.

Early JWST imaging obtained with the Near Infrared Camera (NIR-
Cam) as part of the Cosmic Evolution Early Release Science (CEERS) 
program led to the identification of a surprisingly high abundance of 
extremely massive galaxies (with stellar masses exceeding ∼ 1010𝑀⊙) 
at redshifts 6 ≲ 𝑧 ≲ 10 (Labbé et al., 2023). As demonstrated by Boylan-
Kolchin (2023), the abundance of such systems can be used to stress 
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test cosmological models in a conservative way with minimal assump-
tions about galaxy formation physics. In particular, considering objects 
of a given stellar mass, an upper limit on their cumulative comoving 
stellar mass density can be obtained once the cosmic baryon fraction 
𝑓𝑏 ≡ Ω𝑏∕Ω𝑚 and DM halo mass function (HMF) are known, since the 
total stellar mass cannot exceed the available baryonic mass. Applying 
this “baryon availability” argument, Boylan-Kolchin (2023) argued that 
within the ΛCDM cosmological model the population of high-𝑧 galaxies 
of Labbé et al. (2023) can only be accommodated if the baryon-to-star 
conversion efficiency 𝜖 is implausibly high, close to the theoretical upper 
bound 𝜖 = 1. Stated differently, within ΛCDM the population of galaxies 
identified by Labbé et al. (2023) appears too abundant, too massive, and 
too early.

The above results were driven by early JWST imaging photome-
try, and are therefore subject to the intrinsic limitations of photometric 
redshift estimation and spectral energy distribution (SED)-based stellar 
mass determinations, motivating spectroscopic follow-up. Spectroscopic 
observations from the JWST First Reionization Epoch Spectroscopi-
cally Complete Observations (FRESCO) NIRCam/grism survey have now 
provided secure redshifts for a sample of massive galaxies at 5 ≲ 𝑧 ≲
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9 (Xiao et al., 2024). Under conservative assumptions, the properties 
of three ultra-massive galaxies in the FRESCO sample imply unusually 
high baryon-to-star conversion efficiencies of order 𝜖 ∼ 0.5 (Xiao et al., 
2024). This value is significantly larger than typical expectations, which
typically indicate efficiencies 𝜖 ≲ 0.2 level or lower, even at higher red-
shifts (Conroy and Wechsler, 2009; Bigiel et al., 2008; Leroy et al., 
2008; Kennicutt and Evans, 2012; Moster et al., 2013; Behroozi et al., 
2013b,a; Wechsler and Tinker, 2018; Tacchella et al., 2018; Shuntov 
et al., 2022). 1 FRESCO spectroscopy therefore not only qualitatively 
confirms the trend suggested by CEERS photometry, but also places it 
on a firmer footing by providing secure redshifts and demonstrating that 
the efficiency problem is already present at lower redshifts (Xiao et al., 
2024).

The above conclusions of Boylan-Kolchin (2023) and Xiao et al. 
(2024) were obtained from a “baryon availability” consistency ar-
gument based on direct comparison to theoretical bounds, checking 
whether individual extreme systems lay above or below theoretical pre-
dictions (assuming a ΛCDM cosmology with fixed parameters), rather 
than via a likelihood-based analysis. This approach, while simple and 
conservative, only really tests whether individual systems are consis-
tent with theoretical expectations: it does not provide a probabilistic 
constraint on 𝜖, nor does it account for uncertainties in the underly-
ing cosmological model and/or parameters. Given the potentially very 
important (astrophysical and cosmological) implications of these re-
sults, it is important to revisit the problem within a framework allowing 
for consistent comparison between data and theory, while accounting 
for uncertainties on the cosmological side. In this work we therefore 
move beyond the earlier fixed cosmological assumptions and per-object 
minimum-efficiency arguments, and perform a full Bayesian analysis 
of most extreme galaxies within the CEERS and FRESCO samples. We 
do so not only within the spatially flat ΛCDM model, but also within 
some of its simplest extensions, for instance those with a free dark en-
ergy equation of state and/or spatial curvature. We stress that our goal 
is not that of ruling out ΛCDM, but rather to quantify, in a conserva-
tive and fully probabilistic manner, the range of baryon-to-star conver-
sion efficiencies implied by current JWST observations once cosmolog-
ical uncertainties are consistently accounted for. In short, we find that 
while CEERS provides only weak constraints and actually still allows 
relatively low efficiencies, FRESCO robustly favors relatively large effi-
ciencies 𝜖 ≳ 0.3 − 0.5 within all the cosmological extensions considered, 
suggesting that the origin of the “JWST tension” lies primarily in the 
efficiency of early star formation rather than in simple modifications of 
the background cosmology.

The rest of this paper is then organized as follows. In Section 2 we 
introduce the main observable used in this work (the cumulative co-
moving stellar mass density), and describe how theoretical predictions 
for this quantity depend on the underlying cosmology; we also present 
the four cosmological models considered in our analysis. In Section 3 
we present the CEERS and FRESCO datasets and discuss the statistical 
framework adopted in our analysis. We present our results in Section 4, 
and critically discuss them in Section 5. We close in Section 6 by drawing 
concluding remarks.

2.  From cosmological models to high-redshift stellar mass density

We now describe the procedure for obtaining theoretical predictions 
for the main observable used here, i.e. the cumulative comoving stellar 
mass density above a stellar mass threshold, which we denote by 𝜌⋆(>
𝑀⋆, 𝑧). This observable, which we will refer to simply as “cumulative 
stellar mass density”, measures the total stellar mass per unit comoving 
volume contained in galaxies with stellar mass larger than a given value 
𝑀⋆ at a given redshift.

1 See however Dekel et al. (2023), Boylan-Kolchin (2025), Shen et al. (2026) 
for studies suggesting mechanisms for increasing the efficiency of star formation 
at high redshifts.

To compute the observed cumulative stellar mass density, we specify 
a stellar mass threshold 𝑀⋆ within a redshift bin 𝑧 ∈ [𝑧min, 𝑧max], and 
centered at an effective redshift 𝑧eff. We then sum over the stellar masses 
of all galaxies which fall above the threshold, and divide by the survey 
comoving volume 𝑉  (i.e. the comoving volume contained between 𝑧min
and 𝑧max), as follows:
𝜌obs⋆ (> 𝑀⋆, 𝑧eff) =

1
𝑉

∑

𝑀𝑖>𝑀⋆

𝑀𝑖, (1)

with 𝑀𝑖 being the stellar masses of the individual galaxies above the 
threshold within the redshift bin. This definition agrees with the esti-
mator adopted by Boylan-Kolchin (2023). Since the comoving volume 
depends on the assumed cosmology, the observable defined in Eq. (1) 
carries an implicit cosmological dependence which must be treated con-
sistently when comparing observations against theoretical predictions, 
as we discuss in more detail later. For the purposes of our work, this 
observable presents several advantages. Firstly, it is by construction rel-
atively insensitive to individual outliers or the properties of any single 
object, and instead captures the global abundance of massive systems. 
Additionally, 𝜌⋆(> 𝑀⋆, 𝑧) can be directly compared to theoretical cos-
mological upper bounds once the dark matter HMF and cosmic baryon 
fraction are known, without requiring detailed knowledge of galaxy for-
mation physics or galaxy-halo matching prescriptions, as highlighted 
by Boylan-Kolchin (2023). Last but not least, 𝜌⋆(> 𝑀⋆, 𝑧) has already 
been used in earlier JWST-based “stress test” works (see for instance 
Boylan-Kolchin, 2023; Xiao et al., 2024), therefore facilitating direct 
comparisons.

In the standard picture of hierarchical structure formation, the abun-
dance of DM halos is determined by the linear matter power spectrum 
and the growth history, and is measured by the DM halo mass function 
𝑑𝑛(𝑀,𝑧)∕𝑑𝑀 , i.e. the number of DM halos per unit mass per unit comov-
ing volume at a given redshift. We follow the Sheth-Tormen prescription 
and compute the DM HMF as follows Sheth et al. (2001):
𝑑𝑛(𝑀,𝑧)

𝑑𝑀
=

𝜌̄𝑚
𝑀

𝐴
√

2𝑎
𝜋
[

1 + (𝑎𝜈2)−𝑝
]

𝜈𝑒−
𝑎𝜈2
2
|

|

|

|

𝑑𝜈
𝑑𝑀

|

|

|

|

. (2)

In Eq. (2) above, 𝜌̄𝑚 = Ω𝑚𝜌crit,0 is the mean comoving matter density, 
whereas Ω𝑚 and 𝜌crit,0 are respectively the present-day matter density 
parameter and critical density. In our calculation we fix the Sheth-
Tormen parameters to 𝐴 = 0.3222, 𝑎 = 0.707, and 𝑝 = 0.3. The peak 
height parameter is instead given by 𝜈 = 𝛿𝑐∕𝜎(𝑀,𝑧), where 𝛿𝑐 ≃ 1.686
is the critical (linear) overdensity for collapse. Finally, we denote by 
𝜎(𝑀,𝑧) the root mean square linear matter fluctuation at redshift 𝑧, 
smoothed on the scale 𝑅 = (3𝑀∕4𝜋𝜌̄𝑚)1∕3:

𝜎2(𝑀,𝑧) = 𝐷2(𝑧)∫
𝑑𝑘
2𝜋2

𝑘2𝑃 (𝑘)𝑊 2(𝑘𝑅) . (3)

In Eq. (3) above, 𝑃 (𝑘) is the linear matter power spectrum at 𝑧 = 0, 𝐷(𝑧)
is the linear growth factor normalized such that 𝐷(0) = 1, and 𝑊 (𝑘𝑅) is 
the Fourier transform of a real-space top-hat filter of radius 𝑅.

We then compute the cumulative comoving DM halo mass density 
contained in halos more massive than a threshold 𝑀halo from the DM 
HMF as follows:
𝜌𝑚(> 𝑀halo, 𝑧) = ∫

∞

𝑀halo

𝑑𝑀 𝑀
𝑑𝑛(𝑀,𝑧)

𝑑𝑀
. (4)

In order to connect Eq. (4) to the statistics of galaxies, we need a map 
between 𝑀halo and the stellar content of a given halo, 𝑀⋆. It is obvious 
that the cosmic baryon fraction 𝑓𝑏 ≡ Ω𝑏∕Ω𝑚 (where Ω𝑏 is the present-
day baryon density parameter) controls the maximum possible value 
of 𝑀⋆. Following Boylan-Kolchin (2023), we parametrize the relation 
between 𝑀⋆ and 𝑀halo as 𝑀⋆ = 𝜖𝑓𝑏𝑀halo, where 𝜖 ≤ 1 is a dimension-
less parameter which quantifies the efficiency for converting gas into 
stars. Stated differently, we are assuming that only a fraction 𝜖 of the 
available baryonic mass is converted into stars. We can then express the 
(theoretical) cumulative stellar mass density as follows:

𝜌th⋆ (> 𝑀⋆, 𝑧) = 𝜖𝑓𝑏𝜌𝑚

(

>
𝑀⋆
𝜖𝑓𝑏

, 𝑧
)
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= 𝜖𝑓𝑏 ∫

∞

𝑀⋆
𝜖𝑓𝑏

𝑑𝑀 𝑀
𝑑𝑛(𝑀,𝑧)

𝑑𝑀
. (5)

Given a certain value of 𝜖 ≤ 1, consistency between theory and observa-
tions requires that the following holds:
𝜌obs⋆ (> 𝑀⋆, 𝑧eff) ≤ 𝜌th⋆ (> 𝑀⋆, 𝑧eff) . (6)

The above condition is precisely the “baryon availability” argument in-
troduced in Boylan-Kolchin (2023) (and also used in Xiao et al., 2024). 
This provides a conservative consistency test between observed galaxy 
properties and theoretical predictions for the halo population within a 
given cosmological model. In Boylan-Kolchin (2023) this stress test was 
performed in the limiting case 𝜖 = 1, and other two (discrete) values of 
𝜖. The 𝜖 = 1 case corresponds to the (theoretically allowed but otherwise 
extreme and rather implausible) scenario of complete conversion of all 
available baryons into stars, which sets an absolute upper bound on the 
allowed cumulative stellar mass density. Here we instead choose to treat 
𝜖 as a free parameter. As stressed above, the consistency condition set 
by Eq. (6) conservatively compresses all the uncertainties associated to 
galaxy formation physics into a single parameter 𝜖. The underlying cos-
mological model instead enters our theoretical prediction through both 
the expansion history and the growth of structure, see Eq. (5). In our 
analysis, we will compare different cosmological models while fixing 
the present-day amplitude of fluctuations, controlled by 𝜎8. As we shall 
see, it follows that what matters is the relative growth of perturbations 
with respect to today, a subtle point to which we return later.

We now introduce the four cosmological models considered in our 
later analysis. In order of increasing complexity, these models are:

• the concordance flat ΛCDM model, which represents our baseline 
model, and where dark energy (DE) takes the form of a cosmological 
constant with equation of state (EoS) 𝑤 = −1;

• the flat 𝑤CDM model, where the DE EoS takes values 𝑤 ≠ −1, while 
still remaining constant: this is one of the simplest extensions of our 
baseline model (see for instance Vagnozzi, 2020; Escamilla et al., 
2024; Luongo and Muccino, 2024; Sammut, 2025; Yadav et al., 2025, 
for recent examples of constraints on this model);

• the non-flat ΛCDM model, also referred to as 𝑜ΛCDM model, which 
allows for non-zero spatial curvature, characterized by a spatial cur-
vature parameter Ω𝐾 ≠ 0 2;

• finally, the non-flat 𝑤CDM model, also referred to as 𝑜𝑤CDM model, 
where 𝑤 ≠ −1 and Ω𝐾 ≠ 0 simultaneously.

The last three models are among the simplest, best studied extensions 
to the concordance ΛCDM model (see for instance Di Valentino et al., 
2025). In the context of the present work, they provide a minimal set 
of controlled extensions which allow us to study how departures from 
flat ΛCDM affect the abundance of high-𝑧 massive DM halos and galax-
ies. The expansion history within each model is characterized by the 
dimensionless expansion rate 𝐸(𝑧) ≡ 𝐻(𝑧)∕𝐻0, where 𝐻(𝑧) and 𝐻0 are 
the Hubble rate and Hubble constant respectively. For the flat ΛCDM 
model 𝐸(𝑧) is given as follows:
𝐸2
ΛCDM(𝑧) = Ω𝑚(1 + 𝑧)3 + Ω𝑟(1 + 𝑧)4 + ΩΛ, (7)

where Ω𝑟 is the radiation density parameter, and ΩΛ is the present-
day cosmological constant density parameter. For the flat 𝑤CDM model, 

2 See for instance Handley (2021), Wang et al. (2020), Di Valentino et al. 
(2019), Efstathiou and Gratton (2020), Di Valentino et al. (2021b), Chu-
daykin et al. (2021), Benisty and Staicova (2021), Vagnozzi et al. (2021a,b), 
Di Valentino et al. (2021a), Yang et al. (2021), Cao et al. (2021), Dhawan et al. 
(2021), Gonzalez et al. (2021), Dinda (2022), Zuckerman and Anchordoqui 
(2022), Bargiacchi et al. (2022), Akarsu et al. (2023), Glanville et al. (2022), 
Bel et al. (2022), Wu et al. (2023), Yang et al. (2023), Stevens et al. (2023), 
Favale et al. (2023), Qi et al. (2023), Giarè et al. (2024), Wu and Zhang (2025), 
Liu et al. (2025), Forconi and Eleonora (2025), Specogna et al. (2025) for recent 
examples of constraints on spatial curvature.

𝐸(𝑧) is instead given by the following:
𝐸2
𝑤CDM(𝑧) = Ω𝑚(1 + 𝑧)3 + Ω𝑟(1 + 𝑧)4 + ΩDE(1 + 𝑧)3(1+𝑤), (8)

where ΩDE is the present-day DE density parameter. For the non-flat 
ΛCDM model, 𝐸(𝑧) is given as follows:
𝐸2
𝑜ΛCDM(𝑧) = 𝐸2

ΛCDM(𝑧) + Ω𝐾 (1 + 𝑧)2, (9)

where Ω𝐾 is the present-day spatial curvature density parameter. Fi-
nally, in the non-flat 𝑤CDM model, 𝐸(𝑧) is given by the following:
𝐸2
𝑜𝑤CDM(𝑧) = 𝐸2

𝑤CDM + Ω𝐾 (1 + 𝑧)2 . (10)

For all four models we neglect the radiation component, which is com-
pletely subdominant at the relevant epochs. The closure relation there-
fore implies that ΩΛ ≈ 1 − Ω𝑚 within the flat ΛCDM model, ΩDE ≈ 1 −
Ω𝑚 within the flat 𝑤CDM model, ΩΛ ≈ 1 − Ω𝑚 − Ω𝐾 within the non-flat 
ΛCDM model, and ΩDE ≈ 1 − Ω𝑚 − Ω𝐾 within the non-flat 𝑤CDM model. 
When we introduce non-zero spatial curvature, we therefore implicitly 
compare different models at fixed Ω𝑚, with the remaining energy bud-
get redistributed between spatial curvature and the dark energy sector. 
Moreover, within all four models we can divide the matter sector into 
a cold DM and a baryon component, i.e. Ω𝑚 = Ω𝑐 + Ω𝑏. We then define 
the cosmic baryon fraction as 𝑓𝑏 = Ω𝑏∕Ω𝑚.

The cosmological dependence of our theoretical predictions for the 
cumulative stellar mass density in Eq. (5) enters primarily through the 
linear growth factor 𝐷(𝑧), which determines the amplitude of matter 
fluctuations at the redshifts probed by JWST, and is itself controlled 
by the background expansion rate. In our analysis, we will compare 
different cosmological models at fixed 𝜎8 and 𝐻0. Stated differently, we 
fix both the present-day normalization of density fluctuations (and not 
their primordial amplitude), as well as the present-day expansion rate. 
The relevant quantity controlling the DM HMF is therefore the linear 
growth factor relative to its present-day value, given that the amplitude 
of matter fluctuations at redshift 𝑧 can be expressed in the following 
way:

𝜎(𝑀,𝑧) = 𝜎(𝑀, 0)
𝐷(𝑧)
𝐷(0)

= 𝜎(𝑀, 0)𝐷(𝑧), (11)

where we adopt the conventional normalization 𝐷(0) = 1. Because mod-
els are compared at fixed 𝜎8, it is the growth with respect to today that 
matters, leading to a somewhat counterintuitive behaviour. Consider for 
instance a quintessence-like DE scenario with 𝑤 > −1. If we fix 𝐻0, the 
high-redshift expansion rate increases relative to ΛCDM. This increases 
the friction term in the growth equation for matter overdensities 𝛿, and 
therefore slows the growth of structure. This implies that the amplitude 
of fluctuations at higher redshifts had to be larger in order to reach the 
same value today, given that we have chosen to fix 𝜎8. To put it differ-
ently, imagine evolving the system backwards from 𝐷(0) = 1. Then we 
would find that 𝐷(𝑧) is larger relative to ΛCDM, which directly implies a 
larger abundance of high-redshift DM halos. Analogous considerations 
hold for a spatially open Universe (Ω𝐾 > 0). The converse is true for 
models which (at fixed 𝐻0) reduce the expansion rate at high redshift 
relative to ΛCDM: in our case, this corresponds to phantom DE models 
(i.e. those with 𝑤 < −1) and a spatially closed Universe (Ω𝐾 < 0), which 
therefore accelerate the growth of structure, and correspondingly sup-
press the abundance of DM halos at high redshift.

These points are illustrated in Fig. 1, where we plot the maximum
allowed cumulative stellar mass density as a function of stellar mass 
predicted within different cosmological models, showing the impact of 
changing the DE EoS 𝑤 (left panel) and the spatial curvature parameter 
Ω𝐾 (right panel). To compute the underlying DM HMF we adopt the 
Python package hmf (Murray et al., 2013), relying on the astropy li-
brary (Robitaille et al., 2013). The datapoints correspond to the CEERS 
cumulative stellar mass density measurements at 𝑧eff ≃ 9.1 (which have 
also been used in Boylan-Kolchin, 2023), and are recomputed for each 
cosmology considered to consistently account for the fiducial cosmology 
dependence of the inferred cumulative stellar mass density and stellar 
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Fig. 1. Maximum allowed cumulative comoving stellar mass density as a function of stellar mass predicted within different cosmological models, compared at fixed 
Ω𝑚, 𝜎8, and 𝐻0, with baryon fraction fixed to 𝑓𝑏 ≃ 0.15. The curves correspond to the limiting case 𝜖 = 1, and thus represent the upper envelope of the cumulative 
stellar mass density allowed by each cosmological model within the “baryon availability” argument (the blue shaded region is excluded by the “baryon availability” 
argument in the most generous case). The datapoints correspond to the CEERS measurements at 𝑧eff ≃ 9.1, and are recomputed for each cosmology considered to 
consistently account for the fiducial cosmology dependence of the inferred cumulative stellar mass density and stellar masses. Left panel: comparison between models 
with different values of the dark energy equation of state 𝑤 = −1 (ΛCDM, orange curve), −0.34 (blue curve), and −2.0 (black curve). We clearly see that, at fixed 𝜎8, 
quintessence-like (phantom) models with 𝑤 > −1 (𝑤 < −1) enhance (suppress) the abundance of high-redshift galaxies relative to ΛCDM. Right panel: comparison 
between models with different values of the spatial curvature parameter Ω𝐾 = 0 (ΛCDM, orange curve), 0.4 (blue curve), and −0.3 (black curve). We clearly see that, 
at fixed Ω𝑚 (with the difference in energy density implied by spatial curvature being accounted for by the dark energy sector), spatially open (closed) models with 
Ω𝐾 > 0 (Ω𝐾 < 0) enhance (suppress) the abundance of high-redshift galaxies relative to ΛCDM.

masses, as discussed later in Section 3.1. The curves correspond to the 
limiting case 𝜖 = 1, and thus represent the upper envelope of the cumu-
lative stellar mass density allowed by each cosmological model within 
the “baryon availability” argument. In this limiting case, the quantity 
appearing on the 𝑥 axis is therefore given by 𝑀⋆ = 𝑓𝑏𝑀halo. We imme-
diately observe that models with 𝑤 > −1 (𝑤 < −1) enhance (suppress) 
the abundance of high-redshift halos and galaxies relative to the refer-
ence ΛCDM model, and similarly for models with Ω𝐾 > 0 (Ω𝐾 < 0), con-
sistently with our earlier discussion. The differences between the curves 
directly reflect how changes in the background expansion history 𝐸(𝑧)
modify the relative growth factor 𝐷(𝑧)∕𝐷(0). We stress once more that 
the different models are being compared at fixed Ω𝑚, 𝜎8, and 𝐻0, and 
the baryon fraction 𝑓𝑏 is similarly fixed to 𝑓𝑏 ≃ 0.15.

3.  Datasets and methodology

Having described how our theoretical predictions for the cumulative 
stellar mass density are obtained, we now introduce the data adopted 
in our later analysis, as well as the statistical methods used to compare 
the data against theoretical predictions.

3.1.  Data

The CEERS dataset is based on early JWST multi-band imaging ob-
tained with the NIRCam as part of the CEERS program, which cov-
ers an effective survey area of ∼ 40 arcmin2. Within this dataset, Labbé 
et al. (2023) identified a population of extremely massive, intrinsically 
red galaxy candidates with photometric redshifts 6 ≲ 𝑧 ≲ 10. We focus 
in particular on the highest redshift bin considered by Boylan-Kolchin 
(2023), containing galaxies with photometric redshifts 8.5 < 𝑧 < 10, and 
centered at an effective redshift 𝑧eff ≃ 9.1. The individual galaxy prop-
erties are given in the upper three rows of Table 1. We compute the 
cumulative stellar mass density following Boylan-Kolchin (2023) and 
considering the three most extreme systems, with the stellar masses of 
the two most extreme ones exceeding 1010 𝑀⊙. Following Eq. (1), we 
evaluate 𝜌obs⋆ (> 𝑀⋆, 𝑧eff = 9.1) at the two thresholds reported in Boylan-

Kolchin (2023). We obtain values of order 𝜌⋆ ≲ 106 𝑀⊙Mpc−3, in agree-
ment with those reported by Boylan-Kolchin (2023). Only the most mas-
sive object contributes to the highest mass bin, whereas all three objects 
contribute to the lowest mass bin. These two measurements of 𝜌obs⋆ , 
which are also those reported in Fig. 1, define the CEERS datapoints 
which enter the likelihood adopted in our later statistical analysis. The 
uncertainties are computed following Labbé et al. (2023), and reflect 
both Poisson statistics and cosmic variance. We stress that, since the 
CEERS sample is based on photometric redshifts and stellar mass esti-
mates, the resulting cumulative stellar mass density measurements carry 
substantial uncertainties. We expect this to translate into rather loose 
constraints on 𝜖, as our full Bayesian analysis will confirm.

The FRESCO dataset is based on JWST NIRCam/grism spectroscopy 
obtained within the FRESCO program, covering a total survey area of 
∼ 124 arcmin2 across the GOODS-North and GOODS-South fields. Within 
the survey, Xiao et al. (2024) identified a population of spectroscop-
ically confirmed extremely massive, red, emission-line galaxies, many 
of which had been missed by earlier UV-selected surveys due to heavy 
dust obscuration. The spectroscopic redshifts of these galaxies fall in 
the range 5 ≲ 𝑧 ≲ 9. Following Xiao et al. (2024), we focus on the low-
est redshift bin 5 < 𝑧 < 6 centered at an effective redshift 𝑧eff ≃ 5.5, since 
the stellar masses derived for galaxies in this bin are significantly more 
robust than those of galaxies at higher redshifts. The individual galaxy 
properties are given in the lower three rows of Table 1. We compute the 
cumulative stellar mass density by considering the three most extreme 
objects in this redshift bin, named 𝑆1, 𝑆2, and 𝑆3, whose masses exceed 
1011 𝑀⊙ (Xiao et al., 2024). We then evaluate 𝜌obs⋆ (> 𝑀⋆, 𝑧eff = 5.5) at 
three stellar mass thresholds: 𝑀⋆ = 1.096 × 1011 𝑀⊙, 1.514 × 1011 𝑀⊙, 
and 2.344 × 1011 𝑀⊙. We note that all three galaxies contribute above 
the first threshold, whereas only S2 and S1 contribute above the sec-
ond, and only S1 contributes above the third. This yields cumulative 
stellar mass densities of order 𝜌⋆ ≲ 106 𝑀⊙Mpc−3. These three measure-
ments of 𝜌obs⋆  define the FRESCO datapoints which enter the likelihood 
adopted in our later statistical analysis, and their uncertainties reflect 
both Poisson statistics and cosmic variance. Owing to the spectroscopic 
confirmation of the galaxies and, accordingly, the more robust redshift 

Journal of High Energy Astrophysics 53 (2026) 100626 

4 



L. Comini, S. Vagnozzi and A. Loeb

Table 1 
Properties of the most extreme galaxies used to compute 
the cumulative stellar mass densities for the CEERS and 
FRESCO datasets. For each galaxy, we report the cata-
log identifier, redshift (photometric redshifts for CEERS, 
spectroscopic redshifts for FRESCO), and (logarithm of 
the) stellar mass in units of solar masses. For the FRESCO 
dataset, we report both the catalog identifiers and the la-
bels (S1, S2, S3) used in Xiao et al. (2024); note that S2 
is also known as GN10 in the literature. Stellar masses 
correspond to values inferred from SED fitting assuming 
the fiducial cosmology.
 Dataset  ID 𝑧 log10(𝑀⋆∕𝑀⊙)

 CEERS  35,300  9.08  10.40
 CEERS  14,924  8.83  10.02
 CEERS  21,834  8.54  9.61
 FRESCO  S-18258 (S1)  5.58  11.37
 FRESCO  N-7496 (S2/GN10)  5.31  11.18
 FRESCO  N-2663 (S3)  5.18  11.04

and stellar mass estimates, the FRESCO measurements have substan-
tially smaller relative uncertainties compared to their CEERS counter-
parts. We therefore expect them to lead to significantly tighter limits on 
𝜖, as our analysis will confirm.

We stress that the observed value of 𝜌obs⋆ (> 𝑀⋆) depends on an 
assumed fiducial cosmology in two different ways (see Menci et al., 
2022, 2024a, for discussions). In first place, since stellar masses derived 
from photometric observations are inferred from observed fluxes, they 
scale with luminosity distance as 𝑀⋆ ∝ 𝑑2𝐿. This is true even for galax-
ies with spectroscopic redshifts such as the FRESCO ones, given that 
their stellar masses are still derived from SED modelling and therefore 
follow the same scaling. Moreover, as Eq. (1) makes explicit, the cu-
mulative stellar mass density depend on the comoving survey volume: 
this is a cosmology-dependent quantity, as computing requires assum-
ing a specific expansion history to compute the distance-redshift rela-
tion, i.e. a fiducial cosmology. These issues were not relevant to the 
earlier works of Boylan-Kolchin (2023) and Xiao et al. (2024), since 
they worked at fixed cosmology, but are essential when conducting a 
full Bayesian analysis scanning over different cosmologies, as we aim 
to do here. Therefore, at each step of our Monte Carlo Markov Chain 
(MCMC) analysis, we will rescale 𝜌obs⋆  by the ratio of the comoving vol-
ume within the fiducial cosmology to that in the cosmology at the given 
MCMC step. The assumed fiducial cosmology is the best-fit Planck 2018 
ΛCDM cosmological model, with 𝐻0 = 67.4 km∕s∕Mpc, Ω𝑚 = 0.315, and 
𝜎8 = 0.811 (Aghanim et al., 2020). Similarly, the values of 𝑀⋆ at each 
MCMC step are rescaled by the square of the ratio of the luminosity 
distance within the cosmology at the given MCMC step to that in the 
fiducial cosmology.

3.2.  Statistical framework

For each of the four models studied, characterized by the unnormal-
ized expansion rates given in Eqs. ((7)–(10)), the baseline set of param-
eters is given by the matter density parameter Ω𝑚, the present-day am-
plitude of fluctuations 𝜎8, and the baryon-to-star conversion efficiency 
𝜖. We have explicitly checked that the physical matter density 𝜔𝑏 and 
the Hubble constant 𝐻0 do not have a strong impact on the predicted 
cumulative stellar mass density, and therefore opt to fix these param-
eters to 𝜔𝑏 = 0.02233 and 𝐻0 = 67.4 km∕s∕Mpc respectively (Aghanim 
et al., 2020). We note that both 𝜔𝑏 and 𝐻0 are required to compute the 
cosmic baryon fraction 𝑓𝑏 ≡ Ω𝑏∕Ω𝑚 = 𝜔𝑏∕Ω𝑚ℎ2, which enters the theo-
retical prediction for the cumulative stellar mass density as in Eq. (5), 
and is consistently computed at each step of our MCMC analysis to ac-
count for the different values of Ω𝑚 we sample. For our purposes the 
flat ΛCDM model parameter space is therefore 3-dimensional, and de-
scribed by the parameter vector {Ω𝑚, 𝜎8, 𝜖}. Similarly, the 4-dimensional 

flat 𝑤CDM and non-flat ΛCDM models are described by the parame-
ter vectors {Ω𝑚, 𝜎8, 𝜖, 𝑤} and {Ω𝑚, 𝜎8, 𝜖,Ω𝐾} respectively. Finally, the 5-
dimensional non-flat 𝑤CDM model is described by the parameter vector 
{Ω𝑚, 𝜎8, 𝜖, 𝑤,Ω𝐾}.

We sample the posterior distributions of the four cosmological mod-
els running MCMC chains through the emcee sampler (Foreman-Mackey 
et al., 2013). Predictions for the HMF within each model are obtained 
through the publicly available Python package hmf (Murray et al., 
2013), which relies on the astropy library (Robitaille et al., 2013). For 
each model, we evolve an ensemble of 𝑁𝑤 = 8 walkers for 𝑁step = 10000
steps (except for the non-flat 𝑤CDM model, for which we use 18,000 
steps), and conservatively discard the first 2000 points of each chain as 
burn-in. We assess the convergence of the chains by estimating the in-
tegrated autocorrelation time 𝜏 for each parameter, and verifying that 
the chain length satisfies 𝑁step ≫ 50𝜏. We confirm that the total num-
ber of independent samples, 𝑁ind ≃ 𝑁𝑤𝑁step∕𝜏, exceeds by far ∼ 103 for 
all parameters. We then analyze the resulting MCMC chains using the
GetDist package (Lewis, 2025).

We set wide, flat priors on all three cosmological parameters, verify-
ing a posteriori that our posteriors are not affected by the choice of prior 
bounds. In particular, we set uniform prior ranges on 𝜎8 ∈ [0.76, 0.84], 
𝜖 ∈ [0.01, 1.00], 𝑤 ∈ [−2.00,−0.33], and Ω𝐾 ∈ [−0.2, 0.4], all of which are 
very broad and consistent with the constraints imposed from indepen-
dent cosmological probes. In particular, for what concerns 𝜖, we do not 
allow the prior range to go all the way down to 𝜖 = 0 since in that limit 
the cumulative stellar mass density is identically zero, and therefore in 
obvious disagreement with data. As for 𝑤, the upper limit of 𝑤 = −0.33
is set by the requirement that the DE component should drive cosmic 
acceleration, which requires 𝑤 < −1∕3.

For the matter density parameter Ω𝑚, following the reasoning of Pe-
drotti et al. (2026) we set a Gaussian prior Ω𝑚 = 0.30 ± 0.03. This prior 
reflects the fact that Ω𝑚 is very well constrained by a wide variety of late-
time probes. At the same time, there remains a mild level of disagree-
ment between different datasets (Sakr, 2023; Akarsu et al., 2024; Pe-
drotti et al., 2025; Colgáin and Sheikh-Jabbari, 2025; Lynch and Knox, 
2025; Lee, 2026, 2025; Wang et al., 2025; Weiner, 2026; Shlivko and 
Poulin, 2026), with DESI BAO measurements indicating lower values 
Ω𝑚 ∼ 0.28 (Adame et al., 2025; Abdul Karim et al., 2025; Chudaykin 
et al., 2026), whereas several Type Ia Supernovae datasets indicate 
somewhat larger values Ω𝑚 ≳ 0.33 (Rubin et al., 2025; Abbott et al., 
2024; Baryakhtar et al., 2024; Colgáin et al., 2025a). Even account-
ing for this spread across different probes, it is clear that extreme val-
ues such as Ω𝑚 ≲ 0.25 and Ω𝑚 ≳ 0.35 are strongly disfavored by virtu-
ally all datasets. Our choice of prior is therefore conservative, in the 
sense that its rather generous width more than reflects the current 
spread among different determinations of Ω𝑚, while its central value 
is not tied to any single measurement (although it is consistent with the 
model-independent “uncalibrated cosmic standards” determinations of 
Lin et al., 2021; Wang and Lin, 2025).

We adopt a one-sided semi-Gaussian likelihood. Denoting by 𝜽 the 
parameter vector sampled in our MCMC, the log-likelihood takes the 
following form:

− ln(𝜽) = 1
2
∑

𝑖

⎧

⎪

⎪

⎨

⎪

⎪

⎩

[

𝜌th⋆,𝑖(𝜽) − 𝜌obs⋆,𝑖

]2

𝜎2𝑖
(𝜌th⋆,𝑖(𝜽) < 𝜌obs⋆,𝑖 )

0 (𝜌th⋆,𝑖(𝜽) ≥ 𝜌obs⋆,𝑖 )

(12)

where the sum runs over the different cumulative stellar mass den-
sity measurements (two for CEERS and three for FRESCO), and 𝜎𝑖 are 
the associated observational uncertainties. The rationale behind the 
semi-Gaussian likelihood mirrors that of Vagnozzi et al. (2022), Wei 
and Melia (2022), Binici et al. (2024), and is as follows. Parameters 
predicting cumulative stellar mass densities smaller than the observed 
ones should be penalized according to a Gaussian likelihood, i.e. expo-
nentially suppressed as the discrepancy increases. On the other hand,
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parameters predicting larger values of the cumulative stellar mass den-
sity compared to the observed ones should not be penalized (although 
see the discussion in Costa et al., 2023). The reason is that the observed 
cumulative stellar mass density should be interpreted conservatively, 
because incompleteness and selection effects may lead to an underesti-
mation of the true abundance of massive galaxies. A symmetric Gaussian 
likelihood would instead artificially strengthen the obtained constraints 
unless such effects were modeled explicitly, which is beyond the scope 
of this work. Our semi-Gaussian likelihood can be viewed as a continu-
ous generalization of the binary “baryon availability” stress test carried 
out by Boylan-Kolchin (2023), in which models either pass or fail de-
pending on whether they can predict a cumulative stellar mass density 
at least as large as observed. Our treatment implements the same logic 
in the sense that parameters failing the consistency condition are pe-
nalized, whereas parameters satisfying it are not required to precisely 
match the observed values.

From our posterior distributions we derive one-sided lower limits 
on 𝜖, quoting 68% and 95% one-sided lower limits, which correspond to 
the 32nd and 5th percentiles of the posterior distributions. 3 We also 
quantify the statistical significance at which a given reference value 
of 𝜖 = 𝜖0 is excluded, computing the posterior probability 𝑝 = 𝑃 (𝜖 < 𝜖0)
from the fraction of MCMC samples satisfying the condition 𝜖 < 𝜖0. We 
convert this to a Gaussian-equivalent one-sided significance 𝑍 by com-
puting the corresponding one-sided tail probability for a standard nor-
mal distribution as 𝑍 = Φ−1(1 − 𝑝), where Φ is the cumulative distri-
bution function of the unit normal distribution. The benchmark refer-
ence value we choose is 𝜖0 = 0.2: this is a relatively high conversion 
efficiency, yet one which is still consistent with upper estimates from 
empirical stellar-to-halo mass relations (Conroy and Wechsler, 2009; 
Bigiel et al., 2008; Leroy et al., 2008; Kennicutt and Evans, 2012; Moster 
et al., 2013; Behroozi et al., 2013b,a; Wechsler and Tinker, 2018; Tac-
chella et al., 2018; Shuntov et al., 2022). Values 𝜖 ≳ 0.2 therefore al-
ready imply very efficient star formation, and the statistical signifi-
cance at which 𝜖 = 0.2 is excluded provides a conservative but mean-
ingful measure of the tension with standard galaxy formation scenarios. 
For completeness, we also consider values of 𝜖0 = 0.1 and 0.15, noting 
that the former value allows for a direct comparison with the results of
Boylan-Kolchin (2023).

4.  Results

We begin with a brief anticipation of our main results before dis-
cussing them in detail. We find that the CEERS dataset mildly favors 
high values of 𝜖, but the comparatively large uncertainties imply that 
lower, astrophysically more plausible values of 𝜖 remain consistent. On 
the other hand, the FRESCO dataset requires significantly larger values 
of 𝜖 ≳ 0.5 − 0.7 within ΛCDM. Freeing up 𝑤 or Ω𝐾 somewhat relaxes this 
requirement but does not eliminate the need for high values of 𝜖 ≳ 0.3
for extensions to ΛCDM. Overall, we find no evidence for deviations 
from ΛCDM, with 𝑤 = −1 and Ω𝐾 = 0 remaining fully consistent with 
the data: this suggests that the tension is of astrophysical rather than 
cosmological nature.

3 All the limits we compute are one-sided as our likelihood penalizes only pa-
rameters whose corresponding cumulative stellar mass densities are too low. As 
a result, only sufficiently low values of 𝜖 are statistically disfavored, and the pos-
terior distribution of 𝜖 is of the “limit-type” frequently encountered in cosmol-
ogy, where only one side of the parameter space is constrained. See for instance 
the case of the sum of neutrino masses ∑𝑚𝜈 , for which upper limits are typically 
obtained, at least when the physical prior ∑𝑚𝜈 ≥ 0 eV is assumed (Vagnozzi 
et al., 2017, 2018; Roy Choudhury and Naskar, 2019; Roy Choudhury and 
Hannestad, 2020; Tanseri et al., 2022; Wang et al., 2024a; Green and Meyers, 
2025; Naredo-Tuero et al., 2024; Du et al., 2025; Jiang et al., 2025a; Roy Choud-
hury and Okumura, 2024; Loverde and Weiner, 2024; Roy Choudhury, 2025; 
Roy Choudhury et al., 2025; Feng et al., 2026).

Fig. 2. Triangular plot showing 2D joint and 1D marginalized posterior proba-
bility distributions for the present-day matter density parameter Ω𝑚, the present-
day amplitude of fluctuations 𝜎8, and baryon-to-star conversion efficiency 𝜖, 
obtained within the flat ΛCDM model in light of the photometric CEERS (red 
contours) and spectroscopic FRESCO (blue contours) samples. We note that the 
FRESCO constraints on 𝜖 are significantly tighter than their CEERS counterparts, 
due to the comparatively larger uncertainties of the latter.

4.1.  Flat ΛCDM model

We begin by discussing the flat ΛCDM model, where we recall that 
the parameters being varied are Ω𝑚, 𝜎8, and 𝜖. The posterior distribu-
tions for these parameters are shown in Fig. 2, for both the CEERS (red) 
and FRESCO (blue) datasets.

For the CEERS dataset, we find the one-sided lower limits 𝜖 ≳ 0.39
and 𝜖 ≳ 0.07 at 68% and 95% C.L. respectively. For what concerns the 
baryon-to-star conversion efficiency, we find that our benchmark ref-
erence value 𝜖0 = 0.2 is consistent with the data within 1.0𝜎, confirm-
ing that the constraints on 𝜖 are relatively weak. Similarly, values of 
𝜖0 = 0.15 and 0.1 are consistent with the data within 1.2𝜎 and 1.4𝜎 re-
spectively. These results differ from those of Boylan-Kolchin (2023), 
where a stronger tension with ΛCDM was reported, prompting an ongo-
ing discussion on whether high-redshift galaxies observed by JWST call 
for new physics. 4 The origin of the discrepancy is entirely in the differ-

4 See for instance Ferrara et al. (2023), Liu and Bromm (2022), Biagetti et al. 
(2023), Haslbauer et al. (2022), Hütsi et al. (2023), Gandolfi et al. (2022), Maio 
and Viel (2023), Wang and Liu (2022), Yuan et al. (2024), Dayal and Giri (2024), 
Ilie et al. (2023), Jiao et al. (2023), Parashari and Laha (2023), Lei et al. (2024), 
Shen et al. (2023), Qin et al. (2023), Padmanabhan and Loeb (2023), Su et al. 
(2023), Lin et al. (2024), Forconi et al. (2023), Guo et al. (2024), Huang et al. 
(2024a), Pallottini and Ferrara (2023), Bird et al. (2024), Wang et al. (2024c, 
2023), Adil et al. (2023), Sun et al. (2023), Casey et al. (2024), Pacucci et al. 
(2023), Gupta (2023), Wang et al. (2024b), Forconi et al. (2024), van Putten 
(2024), Iocco and Visinelli (2024), Ellis et al. (2024), Hegde et al. (2024), Col-
gáin et al. (2025b), Lu et al. (2024), Huang et al. (2024b), Jiang et al. (2025b), 
Menci et al. (2024b), Urrutia et al. (2025), Wang et al. (2024d), Lei et al. (2025), 
Ziegler et al. (2025), Fakhry et al. (2025), Lei et al. (2026), Zhou et al. (2025), 
Fakhry et al. (2026), Das et al. (2025), Menci et al. (2026) for examples of 
various works investigating the implications of the JWST observations for fun-
damental physics and/or our understanding of galaxy formation.
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Fig. 3. As in Fig. 2, but for the flat 𝑤CDM model, therefore including the dark 
energy equation of state 𝑤 among the parameters.

ent choice of statistical methodology: a full Bayesian analysis marginal-
izing over cosmological parameters and properly accounting for obser-
vational uncertainties shows that the apparent tension is actually rather 
weak, since relatively low values of 𝜖 remain statistically allowed be-
cause of the large uncertainties of the CEERS dataset.

In contrast, for the FRESCO dataset we find significantly stronger 
constraints, i.e. 𝜖 ≳ 0.79 and 𝜖 ≳ 0.63 at 68% and 95% C.L. respectively. 
These results, which are qualitatively consistent with those of Xiao et al. 
(2024) (while being obtained within a full Bayesian framework), point 
to a strong requirement for very efficient star formation in the early 
Universe within the flat ΛCDM model. We find that benchmark values 
of 𝜖0 = 0.2, 0.15, and 0.1 are all disfavored by the data at a statistical 
significance of > 5.0𝜎.

For what concerns the cosmological parameters, we find that Ω𝑚 and 
𝜎8 are mostly prior dominated, with no significant shifts between the 
CEERS and FRESCO datasets. Furthermore, as is clear from the poste-
rior distributions shown in Fig. 2, we observe mild degeneracies between 
𝜖 and 𝜎8. In particular, the two parameters exhibit a negative correla-
tion, reflecting the fact that a reduction in the growth of structure can 
be compensated by a more efficient star formation. Nevertheless, this 
degeneracy is not sufficient to alleviate the strong preference for high 
values of 𝜖 in the FRESCO case, as doing so would require implausibly 
high values of 𝜎8.

4.2.  Flat 𝑤CDM model

We move on to the flat 𝑤CDM model, where the parameters being 
varied are Ω𝑚, 𝜎8, 𝜖, and 𝑤. Their posterior distributions in light of both 
the CEERS and FRESCO datasets are shown in Fig. 3, with the same 
color coding as earlier. Using the CEERS dataset, we derive the one-sided 
lower limits 𝜖 ≳ 0.39 and 𝜖 ≳ 0.07 at 68% and 95% C.L. respectively. Both 
figures are in very good agreement with their flat ΛCDM counterparts. 
Similarly, we find that the data is consistent with benchmark values 
𝜖0 = 0.2, 0.15, and 0.1 at the 0.9𝜎, 1.1𝜎, and 1.3𝜎 levels respectively. This 
confirms that the constraints on 𝜖 remain relatively weak. As we could 
have expected, the DE EoS remains poorly constrained, with 𝑤 ≳ −1.41
and 𝑤 ≳ −1.91 at 68% and 95% C.L. respectively, and a posterior prob-

Fig. 4. As in Fig. 2, but for the non-flat ΛCDM model, therefore including the 
spatial curvature parameter Ω𝐾 among the parameters.

ability for quintessence-like values of 𝑝(𝑤 > −1) = 0.45, indicating no 
evidence for deviations from a cosmological constant in the DE sector.

When instead considering the FRESCO dataset, the trend observed 
earlier in the flat ΛCDM model is fully confirmed. We find significantly 
stronger constraints of 𝜖 ≳ 0.67 and 𝜖 ≳ 0.38 at 68% and 95% C.L. respec-
tively, whereas values of 𝜖0 = 0.2, 0.15, and 0.1 are disfavored at the 3.2𝜎, 
4.0𝜎, and > 5.0𝜎 levels respectively. This suggests that allowing 𝑤 to 
vary somewhat relaxes the requirement of a very strong baryon-to-star 
conversion efficiency relative to flat ΛCDM, but is unable to eliminate 
the need for high efficiencies. Finally, for the DE EoS we infer 𝑤 ≳ −0.85
and 𝑤 ≳ −1.41 at 68% and 95% C.L., whereas the posterior probability 
for quintessence-like values is 𝑝(𝑤 > −1) = 0.80, corresponding to an ex-
tremely weak preference for a quintessence-like DE EoS, one not worthy 
of further discussion.

As one could have anticipated from our earlier discussion on the 
growth factor, there is a clear degeneracy between 𝑤 and 𝜖, which again 
is reflected by a negative correlation between the two. The reason is that 
more quintessence-like values of 𝑤 > −1 increase the abundance of mas-
sive halos, therefore relaxing the requirement of high values of 𝜖, with 
the converse being true for phantom values of 𝑤 < −1. Similar consider-
ations hold for the degeneracy between 𝑤 and 𝜎8, since changes in the 
expansion history also affect the normalization of structure growth. For 
the same reason, the introduction of 𝑤 as a free parameter weakens the 
negative correlation between 𝜖 and 𝜎8 observed in flat ΛCDM or, more 
precisely, redistributes the earlier 𝜖 − 𝜎8 degeneracy among 𝜖, 𝑤, and 
𝜎8. Nevertheless, FRESCO data still require relatively high values of 𝜖, 
indicating that the simple modification of the expansion history we are 
considering is unable to resolve the tension, which is reflected in the 
absence of indications for deviations from the ΛCDM limit 𝑤 = −1.

4.3.  Non-flat ΛCDM model

We now study the non-flat ΛCDM model, where the parameters being 
varied are Ω𝑚, 𝜎8, 𝜖, and Ω𝐾 . The corresponding posterior distributions 
are shown in Fig. 4.

For the CEERS dataset, we find one-sided lower limits 𝜖 ≳ 0.38 and 
𝜖 ≳ 0.07 at 68% and 95% C.L. respectively, in very good agreement with 
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the earlier flat ΛCDM results. The data is consistent with our benchmark 
values 𝜖0 = 0.2, 0.15, and 0.1 at the 0.9𝜎, 1.1𝜎, and 1.3𝜎 levels respec-
tively. This again confirms that constraints on 𝜖 are weak due to the 
relatively large uncertainties of the data. Similarly, we obtain compar-
atively weak constraints on the spatial curvature parameter, with one-
sided lower limits of Ω𝐾 ≳ 0.02 and Ω𝐾 ≳ −0.16 at 68% and 95% C.L. re-
spectively. The posterior probability for negative spatial curvature (i.e. 
positive spatial curvature parameter, corresponding to a spatially open 
Universe) is 𝑝(Ω𝐾 > 0) = 0.70, with no statistically significant preference 
for deviations from spatial flatness.

For the FRESCO dataset, we confirm the trends observed earlier in 
the flat ΛCDM and 𝑤CDM models. In particular, we find stronger con-
straints on the baryon-to-star conversion efficiency compared to those 
obtained with the CEERS sample, with 𝜖 ≳ 0.65 and 𝜖 ≳ 0.38 at 68% and 
95% C.L. respectively, whereas our benchmark values of 𝜖0 = 0.2, 0.15, 
and 0.1 are disfavored at the 4.0𝜎, > 5.0𝜎, and > 5.0𝜎 levels respectively. 
This indicates that, while allowing for non-zero spatial curvature some-
what relaxes the constraints relative to flat ΛCDM, the requirement for 
very high efficiencies persists, similar to the trend observed when the DE 
EoS was freed. For the spatial curvature parameters, we find Ω𝐾 ≳ 0.13
and Ω𝐾 ≳ −0.03 at 68% and 95% C.L. respectively, with a posterior prob-
ability for negative spatial curvature 𝑝(Ω𝐾 > 0) = 0.92, corresponding to 
a very weak preference for an open Universe.

Similarly to the flat 𝑤CDM model, we find that allowing for non-zero 
spatial curvature introduces a degeneracy between Ω𝐾 and 𝜖. This is re-
flected by a negative correlation between the two, since negative spatial 
curvature (Ω𝐾 > 0) modifies the expansion history (albeit through its ge-
ometric contribution to the Friedmann equation rather than through a 
true dynamical component), and hence the growth of structure, in such 
a way as to enhance the latter at early times, which can be compen-
sated by smaller baryon-to-star conversion efficiencies. Moreover, the 
introduction of Ω𝐾 as a free parameter redistributes the earlier 𝜖 − 𝜎8
degeneracy among 𝜖, Ω𝐾 , and 𝜎8. Nevertheless, even allowing for non-
zero spatial curvature, FRESCO data continue to require high values of 
𝜖, and show no statistically significant indications for departures from 
spatial flatness.

4.4.  Non-flat 𝑤CDM model

The most general model we consider is the non-flat 𝑤CDM model, 
where the parameters being varied are Ω𝑚, 𝜎8, 𝜖, 𝑤, and Ω𝐾 . The corre-
sponding posterior distributions are shown in Fig. 5.

For the CEERS dataset, we find one-sided lower limits 𝜖 ≳ 0.38 and 
𝜖 ≳ 0.07 at 68% and 95% C.L. respectively, in very good agreement 
with the results obtained in all previous models. We find the data to 
be in agreement with our benchmark values 𝜖0 = 0.2, 0.15, and 0.1 at 
the 0.9𝜎, 1.1𝜎, and 1.3𝜎 levels respectively. This confirms once again 
that the constraints on 𝜖 are relatively weak, due to the large uncer-
tainties of the data. We also find that both non-ΛCDM cosmological 
parameters are poorly constrained, with 𝑤 ≳ −1.39 [𝑤 ≳ −1.89] and 
Ω𝐾 ≳ 0.02 [Ω𝐾 ≳ −0.17] at 68% C.L. [95% C.L.], and posterior proba-
bilities 𝑝(𝑤 > −1) = 0.44 and 𝑝(Ω𝐾 > 0) = 0.70. All of these figures show 
no indication for deviations from ΛCDM.

For the FRESCO dataset, we once again find much stronger 
constraints on 𝜖, with 𝜖 ≳ 0.56 and 𝜖 ≳ 0.32 at 68% and 95% C.L. 
respectively. Similarly, the data disagrees with our benchmark 
values 𝜖0 = 0.2, 0.15, and 0.1 at the 2.8𝜎, 3.8𝜎, and > 5.0𝜎
levels respectively. Our results still indicate that even in this 
rather general scenario the requirement for high star formation
efficiency persists. On the other hand, the non-ΛCDM cosmological pa-
rameters remain rather weakly constrained, with 𝑤 ≳ −1.23 [𝑤 ≳ −1.86] 
and Ω𝐾 ≳ 0.12 [Ω𝐾 ≳ −0.11] at 68% C.L. [95% C.L.]. We find no statisti-
cally significant indications for deviations from a cosmological constant 
and/or spatial flatness, with posterior probabilities 𝑝(𝑤 > −1) = 0.56 and 
𝑝(Ω𝐾 > 0) = 0.86, confirming all earlier results.

Fig. 5. As in Fig. 2, but for the non-flat 𝑤CDM model, therefore including the 
dark energy equation of state 𝑤 and spatial curvature parameter Ω𝐾 among the 
parameters.

The degeneracies between 𝜖, 𝑤, and Ω𝐾 observed and discussed ear-
lier persist here, although at a weaker level, since they are now redis-
tributed across the parameters: in particular, we still find that 𝜖 is neg-
atively correlated with both 𝑤 and Ω𝐾 . However, even when moving 
away from the cosmological constant and allowing for non-zero spatial 
curvature, FRESCO data continues to require high values of 𝜖, and show 
no statistically significant indications for departures from the ΛCDM 
model.

5.  Discussion

Our main results are visually summarized in the radar plots of Fig. 6. 
There we show the Gaussian-equivalent one-sided significance at which 
values of the baryon-to-star conversion efficiency 𝜖 < 0.2 are excluded 
(left), and 95% one-sided lower limits on 𝜖, for various different choices 
of galaxy sample and cosmological model (right). Across all cosmo-
logical models considered earlier, we find that photometric data from 
CEERS provides weak constraints on the baryon-to-star conversion ef-
ficiency, albeit hinting at values somewhat larger than those typically 
assumed in astrophysical contexts, consistently with the earlier results 
of Boylan-Kolchin (2023). This weak hint is dramatically confirmed by 
the FRESCO spectroscopic dataset, which robustly requires 𝜖 ≳ 0.3 − 0.5
across all cosmological models, with the benchmark 𝜖0 = 0.1 value al-
ways excluded at > 5.0𝜎 significance within all four cosmological mod-
els. All the extensions to ΛCDM we consider relax our constraints but 
do not qualitatively alter them. Moreover, we find no evidence of devi-
ations from a cosmological constant and spatial flatness. We therefore 
conclude that, once cosmological uncertainties are marginalized over, 
cumulative comoving stellar mass density measurements at high red-
shifts primarily constrain 𝜖, and show no indication for departures from 
the flat ΛCDM model. While we have explicitly tested this for a lim-
ited set of representative models, our expectation is that this conclusion 
should hold more generally for cosmological models that smoothly mod-
ify the expansion history relative to ΛCDM.

Let us return to one of the key questions raised by early JWST obser-
vations, i.e. whether the abundance of massive galaxies at 𝑧 ≳ 8 signals 
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Fig. 6. Radar plots summarizing our main results, with each spoke corresponding to one of the four cosmological models studied. Left panel: radar plot showing the 
Gaussian-equivalent one-sided significance at which values of the baryon-to-star conversion efficiency 𝜖 < 0.2 are excluded in light of the photometric CEERS (red) 
and spectroscopic FRESCO (blue) samples. For visualization purposes, the significance is capped at 5.0𝜎. Right panel: radar plot showing the 95% one-sided lower 
limits on 𝜖 for the same samples. For visualization purposes, the values are capped at 0.5.

a breakdown of ΛCDM or instead points to more efficient early galaxy 
and/or star formation (Labbé et al., 2023; Xiao et al., 2024). Our results 
provide a clear answer: within the class of models we have considered, 
which are arguably among the simplest and best motivated extensions 
to ΛCDM, modifying the background expansion history, and with it the 
growth of structure, is not sufficient to account for the observed abun-
dances. As discussed earlier, cosmology affects the cumulative stellar 
mass density primarily through the growth of structure, and in partic-
ular through the ratio 𝐷(𝑧)∕𝐷(0) when comparing models at fixed 𝜎8. 
However, as is clear from Fig. 1, even allowing for very generous vari-
ations in 𝑤 and Ω𝐾 , the resulting changes in the growth factor at the 
redshifts of interest are typically at the level of tens of percent at best. 
On the other hand, the values of 𝜖 required by the FRESCO dataset cor-
respond to nearly order unity shifts relative to standard astrophysical 
expectations. This mismatch in scales implies that generous yet reason-
able modifications of the expansion history cannot bridge this gap: the 
origin of the “JWST tension” is very unlikely to be cosmological in nature, 
and should instead be sought in the astrophysics of galaxy formation.

Our results can be critically compared to earlier works based on 
the same galaxy samples, most notably those of Boylan-Kolchin (2023) 
and Xiao et al. (2024) for the CEERS and FRESCO samples respectively. 
These works already highlighted the potential tension with ΛCDM, but 
their analyses on the cosmological side were based on a direct compari-
son between observed and theoretically allowed cumulative stellar mass 
densities for fixed cosmological and astrophysical parameters, effec-
tively implementing a binary consistency test. We have instead adopted 
a fully Bayesian approach, which allowed us to simultaneously vary 
cosmological and astrophysical parameters, while consistently account-
ing for and propagating uncertainties. As expected, this leads to overall 
weaker limits on 𝜖, which nevertheless remain consistent with previous 
findings. Importantly, we have explicitly demonstrated that the earlier 
results are largely robust against marginalization over cosmological pa-
rameters, and are therefore not driven by assumptions on the underlying 
cosmological model.

While our results clearly indicate that the observed tension is astro-
physical rather than cosmological in nature, the astrophysical interpre-
tation of our findings remains open. Given the cosmological focus of this 
work, we refrain from detailed speculation on the mechanisms which 
could lead to the large values of 𝜖 implied by our results. Nevertheless, 

it is useful to briefly discuss possible effects going in the required direc-
tion. The values 𝜖 ≈ 0.7 implied by the FRESCO dataset are significantly 
higher than typical expectations from empirical stellar-to-halo mass re-
lations, and may reflect residual systematic uncertainties in the inferred 
stellar masses and/or number densities. On the observational side, sys-
tematic uncertainties in stellar mass estimates are known to arise, for 
instance, from assumptions about the initial mass function (IMF), dust 
attenuation, and star formation histories, all of which could plausibly 
bias the inferred masses high. As is clear from Fig. 1, our systems all 
lie on the steep, exponential decline of the high-mass end of the stellar 
mass function. Therefore, even rather modest systematic shifts can have 
a very significant impact on the required values of 𝜖. On the same token, 
lensing magnification may also play a role in enhancing the apparent 
abundance of massive systems. Moreover, we note that most of the UV 
luminosity is contributed by massive stars. Therefore, a top-heavy IMF 
of Population-III stars is expected to reduce the required star formation 
efficiency (see for instance Wang et al., 2023; Hutter et al., 2025; Ziegler 
et al., 2025). Finally, the inferred cumulative stellar mass densities may 
also be affected by the limited size of the current galaxy samples. On 
the theoretical side, additional uncertainties arise from the calibration 
of the halo mass function at very high redshift. Existing fitting func-
tions are calibrated on numerical simulations over a limited range of 
masses and redshifts, and are extrapolated in the regime relevant for 
JWST observations (Reed et al., 2007; Tinker et al., 2008; Watson et al., 
2013). Moreover, additional uncertainties can arise from baryonic pro-
cesses which are yet to be fully understood (Cui et al., 2012; Bocquet 
et al., 2016; McCarthy et al., 2017). Improved calibration of the high-
redshift HMF, informed by dedicated simulations, will thus be a crucial 
step towards assessing the robustness of our results.

Our findings indicate that resolving the “JWST tension” will ulti-
mately require improvements on both the data and modelling sides. On 
the data side, larger spectroscopic samples will help reduce statistical 
uncertainties and confirm the nature of the most massive high-redshift 
systems, thanks to their more robust redshift and stellar mass determi-
nations. At the same time, deep JWST photometry can enable more reli-
able SED fits which, when combined with spectroscopic information, can 
help break degeneracies with stellar ages and star-formation history, re-
ducing systematic uncertainties in stellar mass estimates (Luberto et al., 
2025). On the theory side, a key role will be played by progress in the 
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calibration of the high-redshift HMF. Advances on these and related 
points will help determine whether the origin of the “JWST tension” 
is astrophysical, or lies in new fundamental physics (see also Mehta and 
Mukherjee, 2026, for a recent discussion on how to distinguish between 
these two scenarios).

6.  Conclusions

We have revisited the issue of whether the unexpectedly high abun-
dance of massive, high-redshift galaxies observed by JWST requires new 
physics beyond ΛCDM, or calls for more astrophysical explanations. 
Our analysis goes beyond earlier works in three respects. Firstly, while 
building upon the same “baryon availability” argument adopted ear-
lier (Boylan-Kolchin, 2023; Xiao et al., 2024), we recast the problem us-
ing a full likelihood-based analysis which consistently accounts for the 
fiducial cosmology dependence of the inferred cumulative stellar mass 
density and stellar masses: this improves over the (simple but conserva-
tive) direct comparison, binary consistency test approach adopted ear-
lier, allowing us to consistently propagate uncertainties and ultimately 
derive a full probability distribution for the baryon-to-star conversion ef-
ficiency 𝜖. Next, to improve the robustness of our results we consider not 
only the most extreme galaxies within the (photometric) CEERS sample 
(which provided the first indications of a possible tension with ΛCDM), 
but also those within the spectroscopic FRESCO sample. Last but not 
least, we go beyond the ΛCDM model and consider some of its simplest 
extension which relax assumptions about the dark energy component 
and spatial curvature, to assess whether the requirement for high values 
of 𝜖 can be relaxed going beyond ΛCDM. In short, our work moves be-
yond earlier fixed cosmological assumptions and per-object minimum-
efficiency arguments, performing a full Bayesian analysis of the most 
extreme galaxies within the CEERS and FRESCO samples. We stress that 
our goal is not to rule out ΛCDM, but rather to quantify in a fully prob-
abilistic framework what is the range of baryon-to-star conversion ef-
ficiencies required once cosmological uncertainties are consistently ac-
counted for.

Our key results are summarized in Fig. 6, and are in qualitative agree-
ment with the earlier findings of Boylan-Kolchin (2023) and Xiao et al. 
(2024), while being placed on a more robust statistical footing. In a 
broad brush, we find that the CEERS photometric sample actually leads 
to comparatively weak constraints on 𝜖: while there is a mild prefer-
ence for an enhanced formation efficiency of massive stars, lower val-
ues (𝜖 ≈ 0.1) in agreement with astrophysical expectations are perfectly 
allowed at 95% C.L., because of the comparatively large uncertainties. 
Importantly, this picture does not change significantly when moving be-
yond the flat ΛCDM model. On the other hand, the constraints we derive 
from FRESCO spectroscopic data are much tighter within all cosmologi-
cal models, indicating 𝜖 ≳ 0.3 − 0.5 at 95% C.L., with values 𝜖 < 0.2 ruled 
out at no less than 2.0𝜎, and values 𝜖 < 0.1 always ruled out at more 
than 5.0𝜎 within all cosmological models. We obtain especially tight 
limits within ΛCDM, where we find 𝜖 ≳ 0.63 at 95% C.L., whereas values 
𝜖 < 0.2 are ruled out at > 5.0𝜎. While moving beyond ΛCDM somewhat 
relaxes these figures, the need for large values of 𝜖 is only softened but 
not removed. At the same time, there is no evidence for new physics, 
as both the dark energy equation of state 𝑤 and the spatial curvature 
parameter Ω𝐾 remain consistent with −1 and 0 respectively. Our main 
finding can therefore be summarized as follows: the origin of the “JWST 
tension” is very unlikely to be cosmological in nature, and should instead be 
sought in the astrophysics of galaxy formation.

The astrophysical implications of our findings remain open, and we 
have refrained from speculating on possible effects which could lead to 
the large values of 𝜖 implied by our results (although we note that our 
limits assume that the IMF of high-redshift, massive stars is similar to 
the present-day IMF). Nevertheless, we can confidently state that de-
termining the origin of the “JWST tension” will require improvements 
on both the data and modelling sides, with larger spectroscopic sam-
ples and deeper photometry playing an important role in the former 

case. On the theory side, we anticipate that it could be interesting to 
explore additional scenarios, including for instance a (astrophysically 
well-motivated) redshift- and/or mass-dependent efficiency 𝜖(𝑀halo, 𝑧), 
or looking at the impact of mass functions beyond the Sheth-Tormen 
one. It is in fact worth recalling that our framework extrapolates at very 
high redshifts a model which is only well tested at much lower redshifts. 
While on the cosmology side we have only considered models directly al-
tering the expansion history, and with it the growth of structure, it could 
be interesting to go beyond this class of models and consider those where 
the properties of primordial fluctuations are altered, including e.g. mod-
els featuring non-Gaussianities or modifications to the primordial power 
spectrum, all of which could arise from non-standard models of cosmic
inflation. At the same time, it is unlikely that models which only directly 
alter the expansion history, including e.g. those hinted to by the recent 
DESI observations (see for example Colgáin et al., 2026; Carloni et al., 
2025; Giarè et al., 2024b; Wang and Piao, 2026; Yang et al., 2024; Li 
et al., 2024; Giarè et al., 2024a; Jiang et al., 2024; Giarè, 2025; Giarè 
et al., 2025; Scherer et al., 2025; Chaudhary et al., 2025; Zhang et al., 
2025; Li et al., 2026; Capozziello et al., 2026), may loosen the high ef-
ficiency requirement while remaining consistent with high-redshift cos-
mological observations (for the difficulties in this sense, see for instance 
Chakraborty et al., 2025). Nevertheless, this point remains to be fully 
explored.

In closing we note that, for the sake of clarity, we have focused our 
analysis on the CEERS and FRESCO samples from JWST, which are 
among the best-studied high-redshift galaxy datasets currently avail-
able. It will of course be interesting to extend this work to data from 
additional JWST programs, especially spectroscopic ones, as well as in-
dividual objects that have attracted significant attention in the litera-
ture. An example in this sense could be the red, dust-rich galaxy EGS-
Z11-R0 (Rodighiero et al., 2026), although a preliminary assessment 
shows that its properties are not sufficiently extreme to be in tension 
with ΛCDM. We leave a full study of these points, and those mentioned 
earlier, to future work.
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